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(Sf  SUMMARY  (U> 


pZj  INTRODUCTION  (U) 

f/6)  The  techniques  most  commonly  used  today  for  detecting  submarines  involve  the  detection 
of  sound  emitted  by  or  raftected  from  the  target.  However,  it  is  expected  that  in  the  future,  the 
effectiveness  of  acoustic  sensors  wilt  decline  because  of  increasingly  noisy  seas,  acoustic 
countermeasures,  and  quieter  submarines  with  antireftactive  coatings.  The  study  described  herein 
was  undertaken  to  seek  out.  In  some  organized  way,  new  methods  and  means  for  detecting 
submarines  with  particular  emphasis  on  nonacoustic  techniques  tor  achieving  search  rates  of  the 
order  of  1500  to  5000  square  nautical  miles  per  hour. 

RESULTS  (U) 

This  study  started  effectively  at  the  bottom  line  raquirement  for  a  high-eearch-rata  sensor 
and  attempted  to  work  upward  through  the  various  phenomena  and  technologies  potentially 
applicable  to  the  nonacoustic  detection  of  submarines.  A  "field"  approach  was  adopted  in  which 
scores  of  possible  interactions  of  the  submarine,  environment,  and  potential  sensor  through  "fields" 
associated  with  each  were  examined  and  subjected  to  "back-of-the>envelope"  feasibility 
calculations.  The  most  promising  approaches,  from  the  point  of  view  of  high  search  rate,  appear  to 
be  those  in  which  a  submarlna-generated  field  (ir.agnetlc.  Kelvin  wave,  gaseous  contaminont. 
acoustic)  is  probed  by  a  scanning  beam  of  alectromagnetic  radiation  originating  from  a  search 
aircraft. 

CONCLUSION  (U) 

The  quest  for  new  large-area  search  sensors  should  concentrate  on  the  remote  detection  of 
submarine-generated  magnetic,  Kelvin  wave,  gaseous  contaminant,  and  acoustic  fields. 

(^)  RECOMMENDATIONS  (U) 

(fi)  A  detailed  study  should  be  conducted  ot  the  various  magneto-optical  phenomena  that  are 
derivallvee  of  the  Zeeman  and  Faraday  effects  to  determine  how  they  might  be  applied  to  the  remote 
detecbon  of  small  variations  In  a  weak  magnetic  field. 

{p)  A  study  should  be  performed  to  determine  the  detection  envelope  as  a  function  of  sea  state 
and  submarine  size,  speed  and  depth  for  an  ideal  Kotvin  wake  detector.  The  results  of  this  study 
should  then  be  used  in  a  systems  analysis  to  determine  the  operational  utility  of  the  hypothetical 
ideal  Kelvin  wake  detector.  If  so  indicated  by  the  studies,  development  of  equipment  (which  may  be  a 
combination  of  sensors  designed  to  measure  the  various  characteristics  of  the  Kelvin  wake)  should 
proc^d. 

ip)  An  investigation  into  the  remote  electro-optical  detection  of  gaseous  contaminants 
pracUiced  by  submarine  ...should  be  conducted.  The  study  should  cover  contaminants  that  uxist  in 
the  form  of  bubbles  in  the  water,  dissolved  in  the  water,  and  In  the  air, 

{i)  A  study  should  be  carried  out  to  determine  what  ways,  if  any,  ars  available  for  sensing,  from 
an  airborne  platform,  pressure  variations  in  a  submarine-generated  acoustic  field  without  the  need 
for  an  electromechanical  transducer  at  the  air-sea  interface 
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1,0  ^  introduction  (U> 

^  At  present  the  most  widely  exploited  techniques  (or  detecting  completely  submerged 
submarines  involve  the  detection  Ot  sound  emitted  by  or  reflected  from  the  submarine.  However,  it 
appears  tnat  in  the  future  the  utility  ot  acoustic  sensors  will  dimmish  because  of  (1)  the  development 
of  quieter  submarines,  (2)  the  installation  ot  anecholc  coatings  on  submarines.  f3)  the  increasing 
acoustic  noise  levels  of  the  seas  from  ever  increasing  numbers  of  engine*powsred  water  craft  and 
offshore  drilling  rigs,  and  (4)  the  development  of  acoustic  and  eloclromagnellc  decoys  and  jammers. 
Accordingly,  in  recent  years,  there  has  been  renewed  interest  in  the  possible  development  of  new 
types  et  nonacousfic  sensors  to  supplement  or  supplant  acoustic  devices,  with  particular  emphasis 
on  achieving  high  area  search  rates. 

(U)  In  the  past,  the  approach  to  nonacousitc  detection  nas  been  episodic  and  sporadic  with 
many  arcane  second-order  effects  being  Investigated  which  offered  little  tlkellhood  of  success  under 
even  controlled  and  contrived  test  conditions  and  an  even  smaller  likelihood  of  eventual  fleet 
acceptance,  independent  Research  Project  GC 189  (Program  Element  81152N,  Task  Area  Number 
ZR01111)  “Systematic  Investigation  of  Potential  Nonacoustic  Submarine  Detection  Techniques" 
was  established  on  20  March  1976  to  seek  out,  in  some  organized  way.  new  ways  for  detecting 
submarines.  This  investigation  started  at  the  bottom  tine  by  asking  “What  does  the  fiaot  need?"  ano 
"What  classes  of  phenomena  and  sensors  could  possibly  satisfy  that  need?"  The  bottom  line  in  this 
case  was  a  sensor  capable  of  yielding  effective  search  rates  of  1  ,SOO  to  S.OOO  square  nautical  miles 
per  hour  against  submarines  of  all  types,  depths  and  speeds.  In  most  previous  investigations,  the 
starting  point  has  bean  some  skill  of  the  principal  Investigator  In  a  held  such  as  hydrodynamics, 
infrared  radiometry  or  magnetism  that  was  applied  to  the  problem.  In  this  investigation  an  attempt 
was  made  to  proceed  without  bias  toward  any  particular  technology. 

fU)  The  objective  of  this  investigation  was  to  discover  and  to  assess  the  teasibiilly  of  new  and/or 
hitherto  unexptolted  conceots  for  the  detection  ol  submarines  with  particular  emphasis  on 
nonacoustic  sensors  applicable  to  airborne  platforms,  and  to  identify  and  propose  specific  projects 
tor  fU‘  rher  research  and  development.  The  approach  taken  sought  not  only  to  focus  attention  on 
phenomena  that  are  likely  candidates  for  exploitation  but  also  to  eliminate  quickly  thosp  phenomena 
that,  even  though  tachnicafly  feasible,  would  not  be  operationally  feasible  and  to  eliminate 
phenomena  that  show  no  promise  of  yielding  high  search  rates. 

(U)  Initially,  a  matrix  approach  was  proposed  as  a  moans  for  identifying  techniques  to  be 
investigated.  This  was  analogous  to  the  approach  taken  by  Mendeleev  in  his  development  of  the 
periodic  table  of  the  elements,  which  served  to  identify  previously  undiscovered  chemical  elements. 
Along  one  axis  ot  the  proposed  matrix  there  was  *o  be  arrayed  a  “high-resolution  spectrum"  of  the 
sciences  (physics,  chemistry,  biology,  etc.)  subdivided  into  their  respective  branches  (e.g., 
mechanics,  heat,  sound,  electricity  and  magnetism}  and  further  subdivided  into  phenomena  (such  as 
the  Zeeman  effect,  the  Faraday  affect,  the  Kerr  magneto-optic  effect,  the  Voigt  effect,  etc.).  The  same 
spectrum  of  the  sciences  was  also  to  be  arrayed  along  a  second  axis  to  cover  cross-discipline  effects 
(e.g.,  generation  of  sound  pulses  in  water  by  a  remote  pulsed  laser,  acoustic  modulation  of  a 
microwave  beam,  etc.},  Along  the  third  matrix  axis,  the  properties  ahd  characteristics  of  submarines 
were  to  be  arrayed.  Each  point  of  intersection  within  the  matrix  would  than  represent  a  potential 
technique  for  detecting  submarines  which  would  be  assessed  subsequently  tor  feasibility. 

(U)  The  matrix  approach  was  triod  but  it  soon  became  evident  that  there  was  a  staggering 
number  of  possible  eftecis  and  that  some  kind  ol  preilltering  was  required  to  render  the  task 
tractable  within  the  constraints  ot  the  project.  Specifically,  meaas  for  assigning  phenomena 
associable  with  submarines  into  categories  were  devised  that  would  permit  one  to  (1}  eliminate 
quickly  those  phenomena  that,  even  though  technically  faasibte.  would  not  be  operationally  feasible, 
and  (2)  eliminate  pnonomena  showing  no  promise  ol  high  search  rates. 
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2.0  THE  FIELD  APPROACH(Ul 
2  1  (U)  CATEGORtES  OF  FIELDS 

(U)  To  bring  the  problem  into  tocus  the  question  was  asked:  "How  do  sensors  work  in 
general Except  tor  the  relatively  improbable  case  of  direct  mechanical  contact  between  the 
sensor  and  the  submarine  (e.g..  contact  mines,  noisemakers  that  attach  themselves  magrretically  to 
the  submarine  hull,  arrays  of  line  libers  or  nets  suspended  in  the  water  to  which  radar  reflecting 
balloons  or  chemical  dispensers  are  attached],  all  detection  techniques  can  be  described  in  terms  of 
"fields. "  These  fields  may  be  divided  into  four  categories: 

1  Generated  by  the  submarine 

2.  Generated  hy  the  sensor 

3  Existing  independently  but  affected  by  the  submarine 

4.  Interactive  sensor'  and  submarine-generated  fields. 

Each  of  these  categories  wilt  be  treated  in  subsequent  sections  of  this  report. 

2.2  i«f  FACTORS  AFFECTING  SEARCH  METHOD  AND  RATE  (U) 

(U)  The  choice  of  a  method  for  searching  for  submarines  and  the  rats  at  which  search  can  be 
conducted  depend  upon  a  nutnoer  of  factors  such  as  (1)  initial  intensity  and  folloff  rate  of  the 
phenomenon  associated  with  the  submarine.  (2)  dimensionat  aspects  ^  the  phenomenon,  the 
sensor,  the  space  to  be  searched  and  of  the  background  noise,  and  (3)  media  and  interface  factors. 

2.2.1  lUi  Initial  Intensity  and  Falloff  Rate 

(U)  it  IS  axiomatic  that  the  sought-for  phenomenon  associated  with  the  submarine  must  exhibit 
an  Intensity  that  Is  initially  large  relative  to  background  noise  and  fundamental  platform  noise  in 
both  the  temporal  and  spatial  domains.  Physically  quantifiable  affects  typically  vary  with  distance 
from  the  source  as  r*  for  the  case  of  a  point  or  spherically  symmetric  source  (e.g..  acoustic  field),  as 
r '  lor  a  dipole  field  (e.g.,  magnetic  field),  as  r  *  for  the  gradient  of  a  dipole  field  (e  g.,  gradient  of  the 
magnetic  field)  or  as  e  '  (e.g.,  light  traveling  through  water).  The  foregoing  considerations  effectively 
eliminate  phenomena  that  possess  other  desirable  dimensional,  media  and  interface  attributes.  An 
example  of  the  latter  is  the  dipole  gravitational  field  anomaly  of  a  submarine  which,  at  a  distance  of 
SOO  meters,  is  so  small  that  a  0.4->4m  vertical  displacement  of  the  sensor  in  the  earth's  gravitational 
field  would  produce  a  spunous  'signal  '  equivalent  to  that  from  the  submarine. 

2.2.2  1^  Oimens.onal  Aspects  (U) 

(U)  Other  important  factors  related  t  >  [xstenliai  search  rates  are  the  dimensional  aspects  of  the 
fields  involved.  Fields  generated  by  the  submarine  may  exist  and/or  propagate  in  one.  two  or  three 
dimensions.  Examples  of  one-dimensional  effects  are  the  essentially  line-like  trails  of  contaminants 
(e.g..  zinc  and  copper  ions)  and  turbulence  produced  by  a  moving  submarine  which  persist  at  the 
depth  at  which  they  were  generated.  See  figure  2.1. 

Examples  ot  submarine-generated  effects  that  propagate  in  two  dimensions  are  the  V-shaped 
pattern  of  waves  (Kelvin  wake)  that  spreads  out  in  a  horizontal  plane  on  the  ocean  surface 
(figure  2.2)  and  the  array  of  bubbles  that  rise  at  different  ratez  behind  a  (moving)  submarine  in  the 
form  ot  a  vertical  plane  m  the  body  of  water  (figure  2.3). 

Examples  of  three-dimensional  effects  are  the  magnetic,  gravitational  and  acoustic  fields 
produced  by  the  submarine.  See  figures  2.4. 2.5  and  2.6. 
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Figure  2  I  (U)  One-Oimensional  Fields  Of  A  Submarine  In  Three-Oimensiona!  Space 


e  2.2 


Oimenslonai  (Vertical  Curtain)  field  Of  A  Submarine  In  Three-Dimensional  Space 


(UNCLASSfREO) 

Figure  2.4  jUi  Three-Oimensioeat  (Horizontal  Dipoie)  Fieid  Of  A  Submarirse  In  Three-Dimensiorial  Space 
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(U)  in  a  related  manner,  sensora  can  operate  m  aero,  one,  two  or  tnree  spatial  dimensions.  A 
simple  (single-hydrophone)  sonobuoy  and  a  stationary  magnetometer  (e,g..  in  a  magnebuoy)  are 
point  (jero-dimenstonai)  sensors  whicn,  of  themselves,  have  no  outreach  capability.  (The 
submarine-generated  fields  must  come  to  them.)  A  magnetometer  in  a  moving  aircraft  may  be 
considered  as  operating  in  one  dimension,  with  detection  by  it  depending  upon  whether  the  line  that 
it  describes  penetrates  the  three-dimensional  magnetic  anomaly  of  the  submarine.  Examples  of 
two-dimensional  sensors  are  the  passive  imaging  devices  such  as  conventional  television,  forward 
looking  infrared  (FLIR)  and  photographic  cameras.  (Here  it  may  be  argued  that  these  sensors 
interrogate  a  three-dimensional  volume  but  collapse  it  to  a  two-dimensional  Image.)  Examples  of 
three-dimensional  sensors  are  range-gated  active  television,  optical  radar  and  stereoscopic 
cameras. 

^  Another  dimensional  aspect  Involves  the  space  that  must  be  searclied  to  detect  a 
submarine-generated  effect.  For  example,  to  detect  nongaseous  contaminants  (such  as  zinc  or 
copper  ions),  which  would  remain  essentially  at  the  (unknown)  depth  of  the  submarine  that 
produced  them,  would  require  a  search  in  three  dimensions  within  the  body  of  the  water.  On  the 
othor  hand,  if  a  submarine  were  to  produce  contaminants  that  would  rise  to  and  remain  at/near  the 
air-water  Interface,  a  search  need  be  conducted  in  only  two  dimensions. 

2.2.3  (U)  Media  And  Interface  Constraints 

(U)  Another  significant  factor  affeoting  search  rate  is  the  medium  (or  media)  (air,  or  water,  or 
both)  in  which  the  submarine-generated  effect  exiats.  Because  the  density  of  water  is  about  BOO 
tlrnes  greater  than  that  of  air  and  Its  viscosity  is  about  55  times  greater,  drag  forces  limit  the  speed  at 
which  it  is  feasible  to  move  a  sensor  through  water  to  a  small  traction  of  the  speed  feasible  through 
air.  Accordingly,  in  the  interest  of  high  search  rates,  primary  attention  should  be  given  to 
submarine-generated  effects  that  are  detectable  by  eirborno  sensors. 

(U)  Another  important  consideration  Is  that  most  fields  that  exist  comfortably  In  one  medium 
(n.g..  sea  water)  do  not  couple  well  Into  a  second  medium  (e.g.,  air)  because  of  interface  losses, 
transmission  losses,  or  both.  Notable  exceptions  to  this  rule  are  the  static  magnetic  and  gravitational 
fields  of  a  submarine  which  are  essentially  indifferent  to  whether  the  surrounding  medium  is  air  or 
water.  A  second  exception  Is  the  Kelvin  wake  which  exists  at  (and  because  of)  the  interface  between 
air  and  water.  On  the  other  hand,  electromagnetic  radiation  over  quite  wide  frequency  bands 
propagates  very  well  through  air  but  very  poorly  through  sea  water  except  at  extremely  low 
frequencies  and  within  a  narrow  band  in  the  visible  part  of  the  spectrum.  Sound  (particularly  at  low 
frequencies)  propagates  very  well  through  water  and  fairly  well  through  air  but,  because  of  a  4.4  to  1 
mismatch  in  the  speeds  of  propagation  in  the  two  media,  very  little  passes  from  one  to  the  other 
unless  some  kind  of  impedance  matching  "transformer "  bridges  the  interface. 

2.3  (U)  DESIRABLE  ATTRIBUTES  OF  SUBMARINE-INDUCED  PHENOMENA 

(U>  The  object  of  the  qtie.st  for  phenomena  applicable  to  submarine  detection  ideally  should 
possess  the  following  attributes; 

1 .  always  occurring 

2.  direct  coupling  with  the  submarine 

3.  distinctive  signature 

4.  quantitative  understanding  exists 

S  immunity  to  countermeasures 

6.  provides  a  positive  indication  of  the  exact  present  position,  heading,  speed,  depth  and  class 
of  the  submerged  submarine 

7  can  be  coupled  with  a  remote  sensor 

8.  no  expendables  required 
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(U)  Some  potantialty  exploitable  phenomena  occur  regardless  of  the  environment  and  others 
are  critically  dependent  upon  the  vagaries  of  the  environment.  For  example,  a  moving  submarine  will 
always  produce  acoustic  noise  and  a  turbulent  wake;  ort  the  other  hand,  certain  other  phenomena 
require  the  submarine  to  operate  in  or  near  a  region  of  largo  density  gradient  or  in  a  region  where 
certain  biological  organisms  exist. 

(U)  Some  otherwise  desirable  phenomena,  for  example,  long'lived  wake  effects,  are  only 
weakly  coupled  to  the  submarine  that  generated  them.  There  is  little  advantage  to  detecting  a 
portion  of  a  wake  that  may  be  three  hours  old  unless  there  is  some  confidence  that  the  wake  1$ 
essentially  continuous  and  that  the  other  end  is  stilt  "attached”  to  the  submarine. 

(U)  Certain  types  of  submarlne'generated  phenomena  differ  from  natural  background 
phenomena  only  in  degree  whereas  others  differ  in  spatial  configuration  or  in  kind.  Obviously,  the 
more  distinctive  the  signature,  the  better. 

(U)  Predictability  of  submarine-generated  effects  stems  from  a  quantitative  understanding  of 
the  phenomena  Involved. 

(U)  Certain  types  of  &ubmarine*lnduced  phenomena  can  be  turned  off  quits  readliy  by  a 
submarine  threatened  by  detection.  Such  simple  countermeasures  might  include  changing  depth  to 
avoid  passing  through  a  field  of  bioluminascant  organisms  or  to  avoid  generating  Internal  vravas  at 
the  pycnocllna. 

(U)  By  considering  factors  such  as  the  foregoing,  one  should  be  able  to  identity  and  eliminate 
potential  techniques  that  show  tittle  likelihood  o*  developing  into  operational  sensors  and  to  focus 
attention  on  those  that  possess  the  attributes  necessary  tor  fleet  acceptance. 
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3.0  ^  "FtEUDS  •  OENERATEO  BY  THE  SUBMARINE  (U) 

(U)  Figure  3.1  illustrates  a  generalizeO  situation  ot  a  passive  point  (zero-dimensional)  sensor 
rmmersed  in  a  lield  produced  by  a  submarine.  In  this  drawing,  the  air-water  interface  is  not  shown  to 
allow  for  the  possibilities  that  the  submarine  may  be  on  the  surface  or  submerged  and  that  the 
sensor  may  be  above,  at,  or  below  the  Irtterfaco.  The  submarine  may  be  at  rest  or  In  motion. 

3.1  SUBMARINE  AT  REST  (U) 

(pj”  If  the  submarine  Is  at  rest,  it  may  produce  the  following  fields: 

1 .  Steady  magnetic  field 

2.  Steady  electric  field 

3.  Gravitational  field 
4  Neutron  field 

5.  Gas  bubble  field 

6.  Field  of  dissolved  noifgaseous  ohemicat  oontamlnonts. 


(UNCLASSIFIED) 

Figure  3.1  (U)  Passive  Point  Sensor  In  A  SubmarlnB-Qeneralad  Field 
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3.1.1  ^  Steady  Magnatic  Field  (U) 


y2!j  Steady  magnetic  fields  originate  from  the  '  permanant  "  and  induced  magnetization  of  the 
ferromagnetic  material  constituting  the  hull  of  the  submarine  and  from  galvanic  corrosion  currents 
flowing  through  the  submarine  and  the  surrounding  water,  A  submarine  may  develop  a  ‘permanent" 
magnetic  moment  as  a  result  of  long*term  alignment  with  the  earth's  magnetic  field  (o.g..  in  a 
shipyard  during  construction  or  while  berthed  in  a  dock).  Permanent  magnetization  is  enhanced 
if,  while  the  submarine  Is  aligned  with  the  earth's  field,  its  hull  is  heated  or  is  stressed  through 
vibration,  mechanical  shock  or  submergence.  (From  the  point  of  view  of  reducing  their  magnetic 
moments,  it  may  be  desirable  to  construct  and  berth  submarines  in  an  east  west  orientation.)  Tfie 
ferromagnetic  matofial  of  tho  submarine  (even  if  it  is  not  "permanentiy"  magnetized)  also  distorts 
the  earth's  fairly  uniform  magnetic  field.  This  distortion  can  be  described  as  if  it  originates  from  a 
temporary  induced  magnetic  field  produced  by  the  submarine.  The  anomaly  in  tho  earth’s  magnetic 
field  produced  by  a  submarine  Is  a  function  of  its  orientation;  its  magnitude  is  greatest  for  a 
north-south  alignment.  For  purposes  of  computation,  a  "standard"  submarine  is  generally 
considered  to  b^ave  as  a  magnetic  dipole  having  a  representative  moment  of  about  1 .4  h  10*  A '  m’ 
a=  1.4  X  10*gau8s  cm*  =■  S.WK)  gaust-ft*  »>  5  x  10* yft*.  Current  operational  magnetic  anomaly 
detecting  equipments  exhibit  an  lnternai>noiBe>limited  sensitivity  of  about  1 0  '*  tesla  »  1 0  '  gauss  ^ 
10**  nT  «  10  '*  r  Because  the  field  of  a  magnetic  dipole  varies  inversely  as  the  cube  of  distance,  this 
type  of  sensor  must  penetrate  into  the  magnetic  held  of  the  submarine  to  a  distance  of  less  than 
about  1 ,100  metem  0,600  ft)  front  the  oubmartne  in  order  to  detect  it.  it  the  sensor  could  be  made  to 
operate  at  this  sensitivity  level  in  a  22S-kno1,  low-altitude  aircraft,  it  would  provide  an  area  coverage 
rate  of  about  270  square  nautical  miles  par  hour,  which  is  an  order  of  magnitude  less  than  that 
desired  for  a  search  sensor.  The  magnetic  anomaly  of  a  submarine  can  be  reduced  by  passing  large 
curren^  through  ’degaussing"  coils  or  by  constructing  It  of  nonferromagneltc  material. 

Another  source  ot  a  steady  magnetic  field  from  a  submarine  is  that  arising  from  galvanic 
corrosion  ouirents.  The  bronze  propeilor  forms  the  positive  terminal  and  zinc  blocks  attached  to  the 
steol  huil  (to  protect  the  hull  from  corrosion)  form  the  negative  terminal  of  a  galvanic  cell  when  they 
are  immemed  in  sea  water,  producing  an  electromotive  force  of  about  one  volt.  The  positive  terminal 
is  short-oircuitod  to  the  huti  through  the  propeilor  shaft  and  its  bearings,  resulting  in  currents  ot  10 
to  100  amperes  flowing  through  the  low-resistance  path  of  the  submarine  and  the  surrounding 
water.  Because  of  random  variations  in  the  degree  of  polarization  of  the  electrodes  as  a  function  ot 
time,  these  large  steady  currents  are  noiSa  modutated.  For  a  shallow  submarine  the  current 
distribution  in  the  water  is  unsymmetrical  in  the  vertical  piano  end  produces  a  horizontal  magnetic 
dipoie  whose  north-^iaeking  polo  is  on  the  port  side  of  the  submarine  and  its  south-seeking  pole  is 
on  the  starboard  side,  if  a  perfectly  symmetrical  current  distribution  should  exist  around  the 
submarine,  the  magnetic  Held  outelde  tho  current  distribution  would  be  zero. 


3.1.2 


Steady  Electric  Field  (U) 


(^  The  electromotive  force  of  galvanic  origin  described  above  produces  a  steady  electric  field 
in  the  vicinity  of  the  submarine.  In  addition,  submarine-gonerated  temperature  gradients  (section 
3.2.6)  and  chemical  concentration  gradients  (section  3.1 .6)  in  the  water  produce  weak  electnc  fields. 
These  eiectrtc  fields,  which  are  essentially  confined  fo  the  water,  are  detectable  by  means  of 
electrodes  immersed  in  tne  water.  These  phenomena  do  not  tend  themselves  to  a  large  area  rapid 
search  sonsot. 


3,1.3  (U)  Gravitational  Field 

(U)  In  accordance  with  the  law  of  univeisal  gravitation,  every  mass  particle  produces  a 
gravitational  field  that  varies  inversely  as  the  square  of  the  distance  from  the  particle.  Since  a 
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submarine  has  mass,  it  produces  a  gravitational  field.  Unfortunately,  such  gravitattonal  effects  are.  at 
best,  very  smalt.  In  addition,  a  completely  submerged,  neutrally  buoyant  submarine  disp) aces  a  mass 
of  water  egual  to  its  own  mass  and  therefore  no  first  order  affect  is  produced.  However,  because  the 
distribution  of  mass  within  the  submarine  is  nonuniform,  second  order  effects  may  be  produced. 

(U)  To  provide  stability,  a  submarine  is  designed  such  that  its  center  of  mass  lies  below  its 
center  of  buoyancy.  Because  of  the  greater  concentration  of  mass  below  and  lesser  concentration 
above,  a  submarine  behaves  gravitationally  as  a  vertical  mass  dipole.  The  magnitude  of  the 
gravitational  anomaly  Ag  a  distance  r  directly  above  the  submarine  is  given  by 


In  whidh  Q  is  the  universal  gravitational  constant  and  n  is  the  gravitational  dipole  moment.  If  the 
submarine  is  approximated  as  a  neutrally  buoyant  cylinder  of  8.4-m  diameter  and  massT.tZ  x  io»  kg 
(7,850  tons),  and  66%  of  its  mass  is  distributed  uniformly  throughout  its  lower  half  and  45%  is  in  its 
upper  half,  Us  gravitational  dipole  moment  ft  ®  1.19  x  lO*  kg-m  and.  at  distance  r  »  100  m, 


Ag 


-  -  ^  6-^7  X  IQ-**  N-mVkg*  x  1.19  x  iQ*  Kg’m 


100>m» 


■1.S9X  10-">rn/s». 


(U)  If  the  gravitational  sensor  la  to  be  employed  on  an  aircraft,  attention  must  be  directed 
toward  the  "noise"  generated  by  movement  of  the  sensor.  The  variation  in  the  acceleration  due  to 
gravity  g  with  distance  from  the  center  of  the  earth  r^  is 


M 

dfe  Tg 


2  X  9,81  m/s» 
6.37’xlb*'m' 


-3.08  X  io-*s-». 


The  change  in  sensor  alttludo  drg  that  woufd  produce  a  spurious  "signal"  equal  to  the  signal  from  a 
submarine  at  a  range  of  100  m  is  therefore 


d,  -1.S9  X  iQ-'Om/s* 
-3,08  X  iO-»s-»  ■ 


5.16  X  10  ‘*  m  S1.8  ftm. 


That  is,  the  sensor  must  bo  stable  or  compensated  to  less  than  51.6  ^m  in  altitude  if  a  detection 
range  of  only  100  m  is  to  Ue  achieved.  This  subject  is  treated  in  greater  detail  in  reference  (a),  it  does 
not  appear  worthwhile  to  pursue  the  concept  of  gravitational  detection  of  submarines. 

3.1 .4  Neutron  Field  (U) 


(pi  The  leakage  of  neutrons  from  the  reactor  of  a  nuclear  submarine  can  bo  detected  beneath 
its  hull  either  directly  or  by  means  of  radioactivity  induced  in  the  sea  water.  Radioactive  isotopes  of 
sodium  and  chlorine  are  produced  which  have  half  lives  of  the  order  of  an  hour.  Detection  can  be 
accomplished  either  by  towing  a  gamma  ray  counter  througti  ttie  water  or  by  taking  water  samples. 
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concentrating  mem  by  bolilng.  and  counting  the  gamma  ray  emissions.  The  probability  ot 
intercepting  a  small  region  of  induced  radioactivity  by  a  aiero-dimensionat  (point)  aenaor  or  sampler 
is  very  low;  this  approach  does  not  lend  itself  to  search. 

3.1.S  j4)  Gas  Bubble  Field  (U) 

iSfl  A  submarine  may  Introduce  Into  the  surrounding  seawater  a  variety  of  gases  which  will  rise 
in  the  form  of  smalt  bubbles  having  diameters  of  tho  order  of  a  centimeter  of  less.  The  size  of  any 
given  bubble  as  It  rises  depends  upon  a  number  of  competing  effects:  decreasing  pressure  and 
tnoreaslng  temperature  tend  to  increase  its  size  and  the  dissolving  of  the  gas  tends  to  reduce  its  size. 
If  the  net  effect  is  an  increase  in  size  as  the  bubbles  rise,  they  may  grow  so  large  as  to  become 
unstable  and  thus  subdivide  repeatedly  into  smaller  bubbles.  The  larger  bubbles  rise  at  greater  rates 
and  have  a  smaller  ratio  of  surface  area  to  volume  relative  to  the  smaller  bubbles;  therefore  a  larger 
portion  of  the  gas  contained  in  the  larger  bubbles  will  arrive  at  the  surface.  The  gases  introduced 
into  the  water  may  include  air  that  attached  itself  to  the  exterior  of  tho  hull  while  the  submarine  was 
on  the  surface,  or  air  teaicing  from  the  interior  of  the  submarine.  If  the  submarine  generates 
breathing  oxygen  tor  the  crew  by  the  electrolytic  decomposition  of  water,  hydrogen  gas  is  produced 
as  a  waste  product,  which  must  be  eliminated  continuously  or  Intermittently.  The  oxygen 
consumption  of  a  man  at  rest  is  about  0.5  liter/mlnuie.  Because  in  the  electrolysis  ot  water  two 
molecules  of  hydrogen  are  produced  for  each  molecule  ot  oxygen,  one  liter  of  hydrogen  is  produced 
per  man  per  minute.  If  the  crew  consists  of  120  men  (all  at  rest),  hydrogen  vdli  bo  produced  ond 
vented  at  an  average  rate  of  120  liters/minute  (4.24  cu  (t/min)  referred  to  standard  tamperaiuie  and 
pressure.  Another  source  of  hydrogen  and  oxygen  is  the  electrolysis  of  water  by  the  galvanic 
corrosion  currents  described  previously.  If  a  current  of  1 0  amperes  is  flowing,  the  rate  of  liberation  of 
hydrogen  gas  is  no  greater  than 


_ 10  Ds _ 

2  .H  1.6  •-»  10*”C/molecule 


3.1  X  10'*  molecules/s  -  0.07  llter/min. 


Oxygen  is  liberated  at  half  the  hydrogen  rate.  Even  if  the  corrosion  current  is  i  oo  amperes,  the  rate  of 
evolution  of  gas  (hydrogen  and  oxygen)  by  this  mechanism  is  loss  than  one  percent  of  that  from  the 
oxyg^  generator. 

Another  gas  that  is  produced  on  the  submarine  and  which  may  be  vented  to  the  ocean  is 
carbon  dioxide.  Through  respiration,  the  crew  wilt  produce  this  gas  (along  with  water  vapor)  at  a 
lower  volume  rate  than  it  consumes  oxygen  (about  60  liters  per  minute).  Because  carbon  dioxide  is 
about  50  times  more  soluble  than  hydrogen  in  water  and  because  natural  sea  bacKground 
concentrations  of  carbon  dioxide  are  much  greater  and  much  more  variable  than  concentrations  of 
hydrogen,  its  importance  to  submarine  datsction  appears  to  he  less  than  that  of  hydrogen. 

(0)  Oases  in  the  ocean  may  be  detected  either  as  a  column  of  rising  bubbles  (i.e..  by  physical 
means)  or  as  a  dissolved  contaminant  (i.e..  by  chemical  means)  m  the  water.  Under  certain 
conditions  of  relatively  shallow  source  depth,  a  major  portion  of  the  emitted  gas  will  enter  the 
atmosphere  and  form  an  elongated  tridi  under  the  influence  uf  the  wind.  For  the  partlcula)  case 
being  considered  hare  (a  passive  sensor  and  a  submarine  at  rost),  the  gas  will  exist  in  the  form  of  an 
essentially  one-dimensional  column  that  may  extend  beyond  the  surface  for  which  search  with  a 
zero-dimensional  sensor  would  provide  a  low  probability  of  success. 


3.1.6  Nongaseous  Contaminant  Field  (U) 

A  submarine  also  introduces  into  the  water  nongaseous  contaminants  such  as  zinc  ions 
from  the  electrotyttc  corrosion  processes  discussed  earlier  and  copper  ions  frdm  the  antifouling 
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paints.  Bacause  the  same  electrochemical  processes  are  involved  with  zinc  as  (or  the  hydrogen 
produced  through  galvanic  corrosion  described  earlier,  it  can  be  expected  that  ti- '  number  ot  Zn* ' 
ions  going  into  solution  will  not  exceed  the  number  calculated  previously  for  the  !..aximum  number 
of  hydrogen  (H,|  molecules  liberated  from  the  water.  For  a  current  of  10  amperes,  therefore.  Zn* 
ions  Will  be  produced  at  a  maximum  rate  of 


3.1  *  10’*lons/8  »  5.2  ><•  10'*mo(esf3  -  3.4  x  I0'>gram/a  ■»  0.20 gram/min. 


The  natural  background  concentration  of  Zn  *  in  sea  water  is  about  O.Ot  mg/liter.  For  a  submarine  at 
rest  to  produce  an  increase  in  Zn*  *  concentration  equal  to  the  background  level  in  a  volume  of  water 
equal  to  its  own  volume  would  require  it  to  remain  in  the  same  location  for  5.7  hours.  The  natural 
background  concentration  of  Cu'*  of  about  0.003  mg/titer  is  somewhat  more  favorable  for  the 
detection  of  small  increments  but  sti'  unpromtsing. 

3.2  ^  ^BMAFilNE  IN  MOTION  (Ui 

^  if  the  submarine  is  in  motion  It  will  produce  not  only  the  ''fields"  discussed  previously  but 
also  the  foilowing  additional  "fietda  ": 

1 .  Time>varylng  electric  field  (corrosion,  motional) 

i.  Time-varying  magnetic  heid  (corrosion,  motlonat) 

3.  Stray  50/60/400-Hz  electromagnetic  Held 

4.  Kelvin  wake 

5.  Turbulent  wake 

6.  Thermal  wake 

7.  Oasaoua  contaminant  wake 

8.  Nongaseous  contaminant  wake 

9.  Hydrodynamic  pressure  field 

10-  Acoustic  (pressure,  displacement,  velocity)  field 

1 1 .  Electromagnetic  radiation  (radio,  radar,  infrared,  light,  gamma  rays) 

3.2.1  jjS)  Time-Varying  Electric  Field  (U) 

{jlfl  Time-varying  electric  fields  can  be  produced  by  modulation  of  the  galvanic  corrosion 
currents  described  previously  and  by  motiori  in  the  earth's  magnetic  field  of  the  submarine  and  the 
water  in  Its  wake.  Corrosion  currents  may  be  modulated  at  the  propellor  rotation  frequency  because 
of  small  variations  in  electrical  resistance  between  the  propellor  shaft  and  its  bearings  as  a  function 
of  the  shah  s  angular  position.  Because  these  variations  are  "spikey."  the  modulation  is  rich  in 
Imrmomcs. 

(J^)  Modulation  may  also  occur  at  the  "blade  rate  "  (propellor  rotation  frequency  times  the 
nu  mber  of  blades  on  the  propellor)  owing  to  periodic  variations  in  the  length  of  the  path  between  the 
blades  and  portions  of  the  submarine  hull.  The  modulated  currents  themselves  may  also  be 
modulated  at  the  swell  and  wave  encounter  frequencies. 

(^)  Because  large  electric  currents  pass  through  the  hull,  smalt  changes  irs  resistance  ot  the  hull 
may  produce  time-varying  electric  fields.  Such  resistartoe  changes  could  be  caused  by  vibration 
from  on-board  machinery,  rattling  hatch  covers  and  perhaps  even  (oud  sounds  within  the 
submarine. 

()S)  Time-varying  electric  fields  from  a  submarine  can  be  measured  by  measuring  the  potential 
differences  between  pairs  of  electrodes  placed  in  the  water 

(0  Because  submarines  and  sea  water  are  electrical  conductors,  their  motions  through  the 


^  ■  -I-,  -fi:  . 
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aarth  s  magnetic  tieW  wilt  give  rise  to  local  electric  field  anomalies.  II  Ifie  vertical  coniponent  of  the 
earth's  magnetic  induction  is  B.  the  width  of  the  submarine  is  w  and  its  speed  is  v.  then,  from 
Faraday's  law.  the  emf  r  generated  across  the  submarine  is 


C  =«  B  w  V. 


For  a  lO'ltnot.  lO-meter  wide  submarine  in  a  field  of  0.5  x  10'*  tesla,  f,  =  2.6  mV,  which  is  less  than 
one  percent  of  the  emf  from  galvanic  corrosion  and  therefore  not  of  great  significance. 

The  motion  imparted  to  the  water  by  the  submarine  may  take  a  number  of  forms  such  as 
turbulence,  vortices,  surfao4  waves  and  inMrnal  waves  which  may  persist  for  significant  times.  To 
get  sonte  idea  of  the  magnitudes  of  the  fields  involved,  consider  the  submarine-generated  surface 
wave  case.  To  a  first  app.oximation,  the  magnitude  of  the  electric  field  strength  £  along  the 
transverse  waves  of  the  Kelvin  wake  is  given  by 


E  Bv. 


(These  waves  propagate  at  the  speed  of  the  submarine.)  Therefore,  for  a  10-knot  submarine. 

£  =  2.6  X  10~*  V/m.  Fields  of  this  magnitude  should  be  readily  measurable  with  electrodes  immersed 
in  the  water.  However,  distinguishing  submarine-generated  effects  from  natural  background  noise 
Would  be  chedlenging.  Furthermore,  there  appear  to  be  better  ways  for  detecting  moving  water. 

3.2.2  [f{)  Time-Varying  Magnetic  Field  (U) 

{fi)  Time-varying  magnetic  fields  are  produced  by  the  motional  emf  currents  and  the  modulated 
corrosion  currents  discussed  above.  Consider  first  the  magnetic  field  from  a  single  Kelvin  wave.  For 
sea  water  of  resistivity  p  »  0.25  ohm  -m.  the  current  density  along  the  wave  is 


i  =  E/p 


2,6  X  10  *  V/m 
0.25  ohm  m 


=  1.03  X  i0-»A/m». 


If  the  wave  is  assumed  to  have  a  cross-sectionai  area  of  1  m‘,  then  the  current  K  will  carry  will  be 
1 .03  mA.  The  magnetic  induction  B  that  it  will  produce  at  a  range  of  r  »  10  m  is 


_  u<,i  2  X  i0'’VVb;A  m  x  i  03  x  10'*A 

H  m  M  . . . . .  . . . . 

2jrr  10  m 


2.1  X  10  "  Wb/m* 


2.1  X  lO"'  gauss  =  0.02ly. 


This  would  be  barely  detectable  by  a  current  fleet  operational  airborne  magnetometer  operated  at  a 
very  low  altitude  of  10  m  under  conditions  of  very  low  sea  state.  There  are  better  ways  for  datecting 
waves  (e.g.,  visually). 

(IP)  Consideration  has  been  given  to  the  possibility  at  detecting  submarine-generated  internal 
waves  by  use  of  magnetic  sensors.  This  appears  (utile  for  a  number  of  reasons:  (1)  There  is  a  low 
joint  probability  that  a  targe  density  gradient  will  exist  and  that  the  submarine  will  be  operating 
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in.  near  it:  (2)  Th«  internal  wave  generating  eWctency  of  a  normally  operating  submarine  ie  very  iow: 
and  (3)  The  very  '.•tow  movement  Of  the  water  m  an  internal  wave  field  interacting  with  the  weak 
magr  ‘ic  field  of  the  earth  will  yield  very  small  currents  and  correspondingly  weak  magnetic  effects. 

^  From  the  point  of  view  of  time-varying  magnetic  effects  produced  by  modulated  corrosion 
currents,  a  submarine  may  be  considered  as  a  horizontal  alternating  electric  current  dipole.  Assume 
that  tfte  total  galvanic  corrosion  current  is  25  A  and  that  most  of  this  Is  confined  to  the  aft  half  of  a 
tOO-m  long  submarine.  Assume  further  that  propeller  shaft  rotation  produces  a  1%  modulation  of 
this  tola'  current.  Thus,  the  alternating  current  moment  of  the  submarine  wilt  be 


idl  »  O.Oi  X  25  A  X  0.6  X  100  m  »  12.5  A-m. 


Prom  the  Biot-Savart  law.  the  contribution  to  the  magnetic  Induction  along  the  perpendicular 
bisector  of  the  dipole  at  a  range  r  «  1  km  is 


10~'Wb/A  m  x  12,5  A-m 
°  4irr»  ”  io»  p 


»  1.25  X  to  *’*  tesla  =• 


1.25  X  to-*  gauss 


1.25  X  10->  y.- 


This  Is  small  compared  to  the  magnetic  induction  at  the  same  range  from  the  ferromagnetic  material 
of  the  "standard"  submarine  discussed  previously.  However,  there  may  be  advantages  to  this 
detection  approach  because  the  signals  may  be  more  readily  distinguishable  from  noise  because 
their  fundamental  frequency  will  equal  the  submarine's  propellor  shaft  rotational  rate  and  because 
the  magnitude  of  this  effect  varies  inversely  as  the  square  of  distance  whereas  the  effects  of 
ferromagnetic  origin  vary  inversely  as  the  cube  of  distance. 


3  2.3  Stray  50feOf40O-Hz  Electromagnetic  Field  (U) 

Alternating  current  at  frequencies  such  as  50. 80  and  400  Hz  is  used  typically  aboard 
submarinps  for  ship's  service  motors  of  less  than  26  horsepower.  Some  of  these  currents  may  leak 
into  the  h  11  of  the  submarine  and  give  rise  to  time-varying  external  magnetic  fields.  It  appears, 
however,  that  In  a  properly  maintained  submarine,  such  hull  currents  do  not  normally  exist  and 
therefore  a  method  of  detection  baaed  upon  this  effect  would  yield  a  low  probability  of  detection. 

3.2.4  Kelvin  Wake  |U) 

A  submarine  passing  through  a  body  of  water  produces  a  pattern  of  waves  cn  the  surface 
that  is  called  a  Kelvin  wake.  See  figure  3.2.  The  wavelength  of  these  waves  and.  to  a  first 
approximation,  their  amplitude  are  proportionat  to  the  square  of  the  spaed  of  the  submarine.  The 
amplitude  increases  with  increasing  submarine  size  and  decreases  exponentially  with  Increasing 
subniarine  Ueplit.  Fui  a  submarine  traveling  at  constant  velocity,  the  wave  pattern  Is  contained 
within  a  triangular  envelope  whose  vertex  is  over  the  submarine  and  which  forms  an  angle  of 
approximately  39°.  The  amplitudes  of  the  waves  along  the  center  line  of  the  wake  vary  inversely  as 
the  square  root  of  the  distance  from  the  submarine.  An  example  of  a  class  of  passive  sensors  that 
could  be  inserted  into  the  Kelvin  wave  field  is  a  wave  buoy  that  could  measure  water  surface 
disoiacements  by  any  one  of  a  variety  of  methods.  An  array  of  such  buoys  could  be  used  to  obtain 
directional  wave  spectra.  The  buoy  approach  does  not  lend  itself  to  targe  area  searen:  the  detection 
of  Kelvin  waves  by  more  practicable  means  is  covered  tn  section  6.2. 

*{U1  In  this  calculalian  tn«  magnene  sttocts  of  the  return  path  eurroms  through  theses  walor  harm  been  .gooree  These 
eltects  will  tend  lo  act  m  the  opposite  direction  and  to  reouca  It.e  overall  allect  relative  to  mat  caiciilaied  hera 
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3.2.5  {^)  Tuibulont  WaKe  (U) 

(/)  A  significant  portion  of  ihn  ervargy  developed  by  a  submarine's  power  plant  is  dissipated  in 
the  form  of  water  turbulence  which  tends  to  be  confined  to  a  cyiindrleaf  tube  of  about  ZO-m  radius  at 
the  depth  of  the  submarine.  This  turbulence  may  continue  to  exist,  at  levots  exceeding  normal 
background  values,  for  periods  of  several  hours  after  passage  of  a  submarine.  This  type  of  wake  may 
be  considered  as  a  one*dimonsional  field  in  three-dimensional  space.  Searching  (or  such  a 
phenomenon  with  a  zero-dimensional  (point)  sensor  would  yield  a  low  search  rate  and  a  low 
probability  of  detection.  If  the  submarine  s  depth  is  about  20  m  or  less,  the  turbulent  wake  may 
intersect  the  surface,  fit  this  special  case  the  probability  of  detection  is  enhanced  irrsotar  as  one 
need  search  in  only  two  dimensions  (vice  three)  (or  this  one-dimensional  field.  Passive  point  sensors 
of  many  types  can  be  used  to  detect  wake  turbulence.  These  include  sensors  that  are  moved 
mechanicalty  through  the  water  to  detect  microfluctuations  in  its  temperature,  pressure,  index  of 
refraction,  sound  propagation  velocity,  or  heat  absorption  rate.  Because  such  sensors  must  be 
inserted  into  the  wake,  they  do  not  yield  high  search  rates.  However,  for  detecting  the  surface 
expression  of  turbulent  wakes  generated  by  shallow  submarines,  indirect  methods  such  as  passive 
infrared  (thermal)  imaging  can  be  used  to  enhance  search  rates.  In  this  case,  an  imaging  device  that 
can  scan  (the  sea  surface)  in  two  dimensions  is  used  to  search  tor  a  one-dimensionat  wake  In 
two-dimensional  space,  infrared  line  scanners  can  detect  both  temperature  changea  in  the  wake 
(e.g.,  from  the  movement  of  cool  subsurface  water  to  the  surface  and  the  reordering  of  naturally 
existing  sea  surface  thermal  patterns)  and  emissivity  ctianges  (e.g.,  from  a  smoothing  of  the  water 
surface  in  the  wake).  The  persistence  of  turbulent  wakes  generated  by  shallow  depth  submarines 
and  detectable  by  infrared  line  scanners  is  given  in  reference  (b)  by  the  empirical  relation 
V  =  120e'*“'®  in  which  T  is  the  mean  persistence  time  in  minutes  and  S  is  the  sea  state  according  to  the 
Naval  Oceanograpliic  Office  Code.  The  detoctabiu  wake  length  L  is  the  product  of  the  submarine  speed  v,, 
and  the  persistence  time.  For  L  in  nautical  miles  and  v,  in  the  knots,  L  »  2.0  v,  Thus  tor  a 
submarine  speed  of  tO  knots  and  sea  state  1  the  mean  detectable  wake  length  would  be  7.4  nmt.  If  ail 
wake  orientations  are  equally  probable,  the  average  component  ol  wake  length  perpendicular  to  the 
direction  of  travel  of  the  search  sensor  would  be  Z/tr  times  this  length  or  4.7  nml.  if  it  is  assumed  that 
the  Infrared  scanner  provides  a  sweep  width  of  t  nmt  and  that  interception  of  a  0.4-nmi  portion  of  the 
wake  is  adequate  for  detection,  the  sensor  would  provide  an  effective  sweep  width  of  9.9  nmt.  An 
aircraft  speed  of  250  kn  would  therefore  provide  an  effective  search  rate  of  about  2.5QQ  nmi*  per 
hour.  A  more  general  expression  for  the  effective  area  search  rate  Ah  in  nmt’/hr  is 


0.51  ]v* 


in  which  v.  is  the  search  aircraft's  speed  in  knots,  h  is  its  altitude  in  feet  and  0  is  the  total  lateral 
angular  field  ol  view  of  the  infrared  scanner.  For  a  typical  value  of  d  “  120"  and  an  assumed  aircraft 
altitude  of  2,000  feet  (to  remain  below  the  cloud  base)  the  minimum  area  search  rate  goal  of  1.500 
nmi*/hr  can  be  achieved  or  exceeded,  for  sea  slate  1 .  if  the  condition 


v»  (v^  -t  0.68)  -J  1 .630 


is  met.  Thus  the  1.500  nmF'hr  search  rate  goal  cojid  be  achieved  for  shallow  depth  submarines 
under  conditions  of  tow  sea  state  for  various  ounhinations  of  reasonable  aircralt  and  subraartne 
speeds. 
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3.2.6  Thermal  Waka  (U) 

All  of  the  energy  developed  by  a  submarine  s  power  plant  is  degraded  eventually  into  heat.  A 
submarine  developing  25,000  shaft  horsepower  Imparts  mechanical  energy  to  the  water  at  the  rate  of 

18.6  MW.  If  the  power  plant  is  25%  efficient,  an  additional  amount  of  power  P  «  55.8  MW  is  imparled 
to  the  water  directly  in  the  form  of  heat.  If  only  the  latter  heat  is  assumed  to  raise  uniformly  the 
temperature  of  an  8.4-m  diameter  (d)  cylinder  of  water  astern  a  20-kn  (speed  v  «  10.3  m/$) 
submarine,  the  Increase  AT  in  water  temperature  wilt  be 


AT  = 


4P 

ir  d’  p  V  c 


_ _  4  X  SS.8  X  10*  W _ 

rr  X  8.4*  m*  X  1030  kg/m*  x  10.3  mis  k  4186  J/kg  -K 


-  0.023  K. 


In  th^bnve  expression,  p  Is  the  density  of  sea  water  and  c  is  Its  specific  heat  capacity. 

Despite  the  large  rate  of  heat  Influx,  the  rise  in  water  temperature  is  surprisingly  low;  so  tow. 
in  fact,  that  little  upward  movement  of  the  heated  water  con  be  expected,  (That  Is.  in  bcean  waters 
having  a  typical  vertloai  temperature  gradient,  the  heated  water  may  rise  less  than  a  meter  before  it 
comes  Into  thermal  equilibrium  with  Its  surroundings.  In  isothermal  water,  viscous  drag  forces 
would  inhibit  vertical  motion  of  the  heated  water.)  Thus,  If  heated  water  from  a  submarine  Is  to  be 
detected,  it  must  be  done  at/near  the  depth  of  the  submarine  Itself.  Because  the  expected 
tompeiature  rise  Is  comparable  to  the  natural  variations  In  sea  water  temperature  and  because 
dragging  a  sensor  through  the  water  would  yield  low  search  rates,  this  approach  to  detection  does 
not  amaar  promising. 

(p)  Because  sea  water  Is  an  ionic  solution,  an  electric  potential  difference  will  develop  across 
the  thermal  gradient  between  the  warm  wake  end  the  cooler  adjacent  water.  Electric  currents  will  be 
produced  and  a  weak  magnetic  field  will  result.  It  is  expected  that  the  magnetic  field  resulting  from 
the  warm  wake  will  be  unusably  small. 

3.2.7  Gaseous  Contaminant  Wake  (C) 

ifl!)  The  evolution  of  gaseous  contaminants  by  a  stationary  submarine  was  considered 
previously.  The  effect  of  forward  motion  of  the  submarine  is  to  extend  the  one-dimensional  vortical 
column  of  rising  gases  to  a  two-dimensional  vertical  curtain  of  bubbles  and  dissolved  gases, 
provided  that  there  is  a  significantly  wide  distribution  of  bubble  sizes  and  therefore  rise  rates.  The 
trail  of  dissolved  gases  could  be  detected  by  towing  a  zero-dimensional  (point)  electrochemical 
sensor  through  the  water  at  any  convenient  shallow  depth.  The  curtain  of  bubbles  could  be  detected 
by  active  physical  moans  such  as  the  scattering  of  sound  or  light.  The  re>note  detection  of  bubbles 
by  the  latter  means  will  be  considered  later  under  lield-fiold  interactions. 

(^  it  follows  from  the  earlier  discussion  of  contaminants  that  the  most  likely  candidate  for 
detection  Is  hydrogen.  F’or  present  purposes  of  i^aiculation,  assume  that  a  200-toot  deep.  10-knnt 
submarine  is  releasing  hydrogen  continuously  at  a  late  of  120  iiters/minute  (reckoned  under 
conditions  of  standard  temperature  and  pressure)  and  that  all  of  the  gas  dissolves  In  the  water  as  it 
rises.  Assume  further  that  the  hydrogen  is  distributed  uniformly  in  a  vertical  slab  of  water  one 
submarine  diameter  wide  (taken  here  as  8.4  meters!  and  200  feet  (61  meters)  thick.  Since  the 
submarine  travels  309  meters  in  one  minute,  the  concentration  of  hydrogen  in  this  slab  will  be 


120  ilters/min 


8.4  m  X  61  m  ■<  309  m/mln 


»  7,6  '  10  Miters/m'  -  7.6  -  10  mid 
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which,  in  calm  seas,  could  retnain  quite  constant  and  coherent  for  periods  of  several  hours  because 
of  the  low  diffusion  rates  in  liquids.  This  concerrtration  is  about  50  times  greater  than  the  normal 
ambient  concerttratlon  of  hydrogen  in  sea  water  and  welt  within  the  range  of  sensitivity  of 
etectrochemiuat  sensorsusing  polarographic  techniques  or  operating  on  the  principieof  a  hydrogen 
fuel  ceil  It  appears  that  tlte  principal  erasure  mochanism  tending  to  dostiqy  tho  cotterence  ol  tho 
trail  ol  dissolved  hydronen  would  bo  currant  shear  In  tho  water  whose  magnitude  and  frequency  of 
occurrence  are  not  well  known  at  present.  For  a  sample  calculation,  if  it  is  assumed  that  the  trail  of  a 
10-knot  submarine  remains  detectable  and  recognizable  for  throe  hours,  the  average  effective 
projected  length  of  the  trait  would  be  2/w  x  3  hrs  x  1 0  nmi/hr  =•  1 9. 1  nmi.  if  the  sensor  can  bo  towed 
through  the  water  at  a  speed  of  30  knots,  an  area  search  rate  of  573  nmi''/hr  could  be  achieved.  It  the 
sensor  is  towed  from  a  ship,  care  must  bo  oxorclsod  to  avoid  tho  molecular  hydrogen  introduced  into 
the  water  from  the  gaivuntc  corrosion  of  tho  towing  vessel. 

3.2.8  \p)  NONQASEOUS  CONTAMINANT  WAKE  i/lf) 

(/Zf)  Nongaseous  contaminahts  such  as  zinc  and  copper  discussed  earliar  will  form  a 
one'dtmenaional  line-like  trail  behind  a  submarine  that  will  tend  to  remain  at  the  constant  depth  ot 
the  submarine.  An  earlier  calculation  yielded  a  representative  rate  ot  Zn*'^  production  oi 
0.20  gram/ tnin.  If  this  ts  distributed  uniformlywithina  cvciindrical  volume  having  a  cross-sectional  area 
equal  to  that  of  a  submarine  (taken  as  55  m”)  traveling  at  10  knots,  the  concentration  qt  would 
be 


0.20  nfmln 
55  m*  X  309  m/mln 


1.2x  10  *g(m*  ’  12ng/liter 


which  is  oniy  about  0.1%  of  the  natural  background  level. 

(U)  The  detection  of  contaminants  In  a  wake  that  remains  at  the  depth  oi  the  submarine  does 
not  tend  itself  to  large  area  rapid  search  because  it  Involves  moving  a  zero-dimensional  sensor  or 
sampler  through  a  three-dimensional  space  In  the  search  for  an  essentially  ono-dimensionai  target. 

3.2.9  Hydrodynamic  Pressure  Reid  (U) 

OZJ)  The  movement  of  s  ship  or  submarine  through  the  water  can  produce  local  limo-dopondiint 
variations  in  pressure.  In  shallow  waters  such  as  ship  channels  and  harbors,  bottom-mounted 
pressure  sensors  can  detect  the  passage  of  a  vessel  and  have  been  used  to  actuate  explosive  mines. 
This  phenomenon  does  not  appear  to  be  of  value  in  a  search  mlasion. 

3.2.10  (5^  Acoustic  Fleid  (U) 

(U)  An  extremely  small  fraction  of  tho  total  power  developed  in  a  submarine  ts  radiated  as 
sound;  that  is.  oven  though  the  power  developed  by  a  submarine  s  engines  may  be  ot  the  order  of  to 
megawatts,  onty  about  10''  of  this  Is  emitted  as  sound.  To  a  first  approximation,  a  submarine  may  be 
considered  as  a  point  souroe  of  sound  whose  power  output  ranges  within  a  few  orders  of  magnitude 
of  one  watt  depending  upon  the  speed,  depth,  type  and  mode  ol  operation  of  the  aubtnarino.  Tho 
noise  spectrum  consists  of  a  continuum  of  propeilor  (cavitation)  noise  and  flow  noise  uporr  which 
lines  corresponding  lo  harmonics  of  the  rotational  rates  of  the  various  pieces  of  machinery  are 
superimposed.  The  power  radiated  par  unit  bandwidth  in  the  continuum  varies  inversely  as 
frequency  such  that  more  than  9S%  ot  the  radiated  power  is  emitted  at  frequoncios  of  loss  than 
1  kHz.  Because  water  i.s  extremely  transporent  to  sound  and  beoauso  sound  sensors  of  Qxce)>'  al 
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sensitivity  (including  the  human  ear.  with  its  sensitivity  of  about  10  “  W/cm*)  are  avaiiable.  a  moving 
submarine  generates  an  acoustic  field  which  may  be  detectable  at  ranges  ot  many  tens  of  miles. 

HJ>  Sound  may  be  detected  by  sensing  variations  In  the  macroscopic  proportios  ot  pressure, 
density,  temperature  or  index  of  refraction  of  the  medium,  or  ttie  microscopic  properties  of 
dtsplaoement.  velocity  or  aooaleration  of  the  molecules,  If  It  is  assumed  that  a  submarine  radiates 
sound  as  a  simpie  omnidirectional  point  source  in  a  homogeneous,  isotropic,  nonlossy,  unbounded 
medium,  the  intensity  I  at  a  range  r  is 


P 

iirr* 


where  P  Is  the  radiated  power. 

The  rms  acoustic  pressure  p  is  given  by 


p  >  Ola  0  I)* 


in  which  />o  is  the  mean  density  of  the  propagating  medium  and  c  Is  the  speed  ot  propagation. 
The  rms  dlsplacament  x  of  the  molecules  Is 


X 


_ E _ 

2ir  tio  s  f 


in  which  f  is  the  froquency. 

The  rms  veioclly  v  of  the  molecules  Is  given  by 


V  a» 


-JL. 

po  C 


I- 
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and  the  rms  accoloratton  a  is 


^  2ir  f  p 

a  -  — 

PbC 

V  .  V** 

Si*  '■‘.I!!*. 

The  rms  tensity  variation  i>  is 


in  which  D  is  the  bulk  modulus  ot  elasticity  of  the  medium. 
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ifi)  Insofar  as  tiite  study  is  concurned  with  tho  nonacoustic;  detection  of  submarines,  a  detailed 
discussion  ot  nrnsent  acoustic  detection  techniques  would  he  beyond  the  scope  ot  this  report.  The 
(oragoiny  discussion  has  been  provided  to  sol  tho  stage  lor  subsequent  discussions  ot 
'’nonacoustic"  detection  of  acoustic  fields.  Such  "nonacoustic "  techniques  would  include  optical 
detection  of  index  of  rolraction  fluctuations  associated  with  periodic  changes  in  the  density  ol  the 
medium  through  which  sound  waves  are  passing,  and  microwave  detection  of  the  periodic 
displacement  of  its  surface  by  use  of  Doppler  radar  techniques,  it  is  unlikely  that  a  "nunacoustic " 
point  (zero-diinenslonal)  sensor  could  bo  developed  that  could  compote  on  performance  and  cost 
bases  with  conventional  acoustic  sensors  that  employ  electromecSianfeal  transducers  to  sense 
pressure  variations  associated  the  acoustic  field.  A  possible  advantage  of  "nonacoustlc  " 
approeultes  would  be  tho  ability  to  detect  the  acoustic  field  remotely  without  titu  need  for  placing 
transducers  in  tho  water.  Such  approaches  will  bo  discussed  under  tho  heading  of  intoractivo 
sensor*  and  i,u&rnarino"Qonefatod  fields. 

3.2.11  Elactro.magnetic  Radiation  {U) 

A  submarine  may  emit  radiation  in  discrete  Intervals  over  most  of  the  eioctrumagnetic 
spectrum  ranging  from  tho  extremely  low  froquancy  (ELF)  radiation  resulting  from  the  moduiatlon  of 
corrosion  currents  discussod  previousiy  to  gamma  rays  emitted  from  a  nuclear  reactor.  At 
intermediate  f.’equencies  aro  radio  waves  from  communication  and  navigation  devices  and  electrical 
machinery,  microwave  radiation  omitted  by  radars,  infrared  radiation  emitted  by  the  hull  by  viitue  of 
its  finite  temperature,  and  visible  light  from  deliberate  light  sources  and  from  bloiuminuscunl 
organisms  that  may  be  clinging  to  the  hull.  Unfortunately  (from  the  submarine  detection  point  of 
viuwf,  sea  water  is  u  rather  hostile  environment  for  electromagnetic  radiation.  Figure  3.3.  which  was 
adapted  from  relorence  (c).  is  a  plot  ot  the  atienuallon  of  electromagnetic  radiation  in  son  water  as  a 
function  of  Irequoncy  from  10'  to  10"  Hz. 

NotiP  that  In  only  two  portions  of  the  spoctrum.  namely,  in  a  narrow  region  about  6  x  10'*  Hz  {the 
visible  tight  bend)  and  at  frequencies  less  than  10*  Hz.  does  the  attenuation  drop  to  leas  than  t  dB 
pet  meter.  At  wavelengths  near  the  center  of  tho  visible  bund,  the  attenuation  by  sea  water  ranges 
from  about  0.1  to  t.O  dLt/m.  As  indicated  in  figure  3,3,  at  the  low  f reqoencloB  the  attenuation 
decreases  as  the  square  rout  of  frequoncy.  In  this  section  of  the  report  we  uru  concerned  only  with 
the  passive  detection  ot  subniarlno-gonorated  fields,  in  normal  operation  a  completely  submerged 
submurino  cannot  be  expected  to  be  a  signittcant  source  ol  light.  Thu  possibility  of  detecting 
submsrine'generated  oxtromely  low  (raqueticy  radiation  has  boon  discussed  in  conjunction  with 
titno'varying  elmitric  and  mrrgnotlc  Helds  arising  from  niodutatod  corrosion  currents. 
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4.0  '  FIELDS"  GENERATED  BY  SENSORS  (U) 

In  this  section  are  considered  the  various  typos  of  fields  that  can  be  generated  by  an  active 
sensor  which  can.  in  principle,  interact  with  a  remote  submarine  and  produce  a  detectable  effect  at 
the  sensor  as  shown  schematicallv  In  figure  4.1 . 

These  fields  include; 

1.  Electromagnetic  radiation 

a.  ELF  fextremoly  low  froquoncy) 

b.  Radio  frequency 

c.  Microwave 

d.  Infrared 

e.  Visiblo  light 

f.  X-rays 

2.  Sound 

3.  Surface  gravity  waves 

4.  Internal  gravity  waves 

5.  Steady  electric  field 

6.  Steady  magnetic  field 

7.  Field  of  magnetic  particles 

fl.  Field  of  surface  (water)  current  Indicators 


O 

ACTIVE 

SENSOH 


(UNCUSSIFIED) 

Figure  4.1  (U)  Submarirte  In  A  Sensor-Generated  Field 
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4,1  (jd)  VISIBLE  LIGHT  (U) 

(U)  AS  discussed  m  section  3.2.11.  oiectromagnetlc  radiation  does  not  propagate  well  through 
sea  water  except  in  the  viable  part  of  the  speciruni  and  at  frequencies  less  than  about  1  kHz. 

t  js)  Within  the  visible  spectrum,  sea  water  is  most  transparent  in  the  wavelength  range  of  about 
4S0  to  510  nm  depending  upon  the  concentration,  type,  and  size  distribution  of  particulates 
suspended  in  the  water.  Light  suffers  an  attenuation  in  water  as  a  result  of  scattering  and  absorption 
that  can  be  expressed  In  the  form 


1  l,e  *' 

in  which  I  is  the  intensity  of  a  beam  of  monochromatic  tight  of  initial  intensity  1,  after  having 
traversed  a  distance  r.  l=or  ocean  waters,  the  values  of  the  attenuation  coefficient  k  near  the 
wavelength  of  maximum  transmission  range  from  about  0.03  m*'  to  0,30  m  *.  The  rcfluctivlty  of  the 
paints  used  on  submarines  is  about  6%.  For  angles  of  incidence  of  less  than  43°  with  respect  to  the 
norma),  about  97%  of  the  light  striking  the  water  surface  penetrates  the  atr*water  interface:  however, 
as  the  angle  of  incidenca  increases  beyond  about  60°,  the  surface  reflectivity  increases  greatly,  the 
water  surface  becomes  more  mirror-like  and.  as  an  incidence  angle  of  90°  is  approached,  very  iittto 
light  penetrates  the  interface.  A  sensor  operating  in  the  visible  portion  of  the  spectrum  would  be 
constrained  to  operate  below  the  cloud  base,  the  altitude  of  which  Is  quite  variable  with 
geographical  location  and  season. 

The  foregoing  factors  servo  to  impose  the  limits  of  performance  on  any  active  device  to  bo 
used  for  the  direct  optical  detection  of  submarines.  That  Is.  because  the  lateral  scan  angle  is  limited 
to  about  £60°  relative  to  the  normal,  the  sensor  swath  width  is  limited  to  about  3.5  times  the  sensor' 
altitude,  which,  in  turn,  is  limited  by  the  cloud  base,  which,  for  the  North  Atlantic,  lias  a  median 
aitilude  of  about  1 ,500  feet  for  coverage  of  50%  or  more.  If  one  takes  2,000  feet  as  a  nominal 
operating  altitude,  the  swath  width  would  be  about  1.14  nmi  and  the  area  search  rate  would  be  about 
14%  greater  numericaliy  than  the  search  aircraft  speed  or  about  286  nml'/hr  tor  a  250-kn  aircraft.  The 
sensor's  depth  capability  is  governed  largely  by  the  sea  water  attenuation  coefficient.  For 
representative  ocean  waters,  it  appears  that  the  law  of  diminishing  returns  limits  detection  depths  to 
about  100  meters.  A  simple  rule  of  thumb  is  that  a  ton  fold  increase  m  iHummator  power  yields  att 
increase  in  depth  caixtbility  of  about  one  attenuaticn  length  (the  reciprocal  of  the  attenuation  coefficient 
k).  Tlius,  to  improve  ttie  deptli  capability  in  sea  water  of  medium  clarity  (e.g.,  k  =  0.067  m-')  from  100 
meters  to  116  meters  (15%)  would  require  a  ten-fold  increase  In  illuminator  power.  A  number  ol 
equipment  possibilities  exist,  including 

1.  Active  line  scanner 

2.  Active  range-gated  television 

3.  Optical  radar. 

4.1.1  (^  Active  Line  Scanner  (U) 

(jZl)  in  the  case  of  the  active  line  scanner,  the  conjugate  image  of  a  smalt  intense  light  source  is 
scanned  repeatedly,  by  means  of  a  rotating  mirror,  across  the  ocean  surface  perpendicutor  to  the 
direction  of  aircraft  travel:  forward  scan  is  produced  by  the  forward  motion  of  the  aircraft.  A  leceiver, 
consisting  essentially  of  a  multiplier  phototube  at  the  focus  of  an  optical  system,  is  scanned  in 
synchronism  with  the  transmitter.  The  output  of  the  phototube  is  then  used  to  iniensity-modulate  a 
cathode-ray  tube  to  produce  a  picture-typo  display.  To  reduce  the  effect  ol  glare  from  the  ocean 
surface,  the  equipment  can  be  angled  to  scan  about  20'  ahead  of  the  aircraft.  With  a  significant 
increase  in  complexity,  a  form  of  range  gating  can  be  achieved  by  having  the  recoivof'", 
instantaneous  field  of  view  trail  behind  the  transmitter  spot  on  the  surface 
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4.t,2  (U1  Active  Range-Gated '*’stBvlsiof> 

(U)  Active  range-gated  teievision  syatemB  have  been  employed  on  Navy  patrol  aircraft  for 
nignttiine  ship  classification.  Such  devices  typically  provide  narrow  lields  of  view  and  therefore  do 
not  yield  high  search  rates.  In  addition,  because  each  pulse  of  light  from  the  illuminator  must 
Illuminate  the  entire  sensor  field  of  vievu  {rathor  than  a  single  picture  element  at  a  time),  a  much 
larger  laser  peak  power  Is  required  compared  to  that  for  an  optical  radar. 

4.1.3  (/)  Optical  Radar  (U) 

Optical  radars  have  been  developed  and  investigated  for  submarine  detection  since  1962.  In 
controlled  experiments  involving  an  Optical  radar  installed  in  a  helicopter,  signals  reflected  from 
submarines  at  keel  depths  as  great  as  about  60  mnters  have  been  detected  in  state  five  seas  off  Key 
West.  Florida,  See  reference  (d). 

4  1,4  (f)  "BLeACHlNQ''  (U) 

(0)  One  might  speculate  on  the  possibility  of  using  a  brute  force  technique  involving  a 
high-energy  laser  that  could  'bleach  "  the  sea  water  by  driving  ail  potential  absorbers  to  higher 
energy  levels.  Unfortunately,  in  all  but  the  clearest  ocean  waters,  the  motor  contributor  to  the 
attenuation  is  scatterlrig  rather  than  absorption.  Thus,  in  generai.  the  Improvement  to  be  gained 
would  be  smalt. 

(p)  it  sea  water  can  be  assumed  to  be  a  saturabio  absorber,  the  power  densities  that  would  be 
involved  could  be  prodigious.  Suppose  one  wanted  to  bleach  water  at  n  wavelength  of  450  nm.  The 
energy  of  each  photon  would  be  442  x  10  '» J.  tf  It  is  assumed  that  one  photon  must  bo  absorbed  by 
one  electron  per  molecule  to  saturate  a  one-mttliliter  sample  of  water,  the  energy  of  the  pulsu  of 
photons  must  be  1.48  .v  10*  J.  The  sample  would  remain  transparent  for  a  period  equal  to  a 
relaxation  time  which  might  be  of  the  order  of  10  ’*  to  10  ■  s.  During  this  brief  interval  a  second  pufse 
could  be  transmitted  along  the  path  of  the  first  to  seek  out  the  target.  The  task  is  fraught  with 
ditfioulties,  however:  for  example,  tor  such  short  ralaxation  times  the  path  wouid  become  absorbing 
again  {^etore  the  reflected  pulse  could  return.  Ttm  approach  doesn’t  appear  too  feasible. 

4.2  (^)  EXTREMELY  LOW  FREQUENCY  RADIATION  <U) 

(0)  Active  electroniagnetic  sensors  operating  at  frequencies  of  loss  than  about  i  kHz  are  used 
in  prospecting  for  minerals  and  have  been  proposed  for  detecting  submarines.  The  choice  of  an 
optimum  frequency  is  dependent  upon  a  number  of  competing  tactors;  (1)  the  attenuation 
coefficient  in  sea  water  is  proportional  to  the  square  root  of  trequenev;  (2)  the  wavelength  of  the 
electromagnetic  radiation  in  sea  water  should  be  small  in  comparison  with  the  size  of  a  submarine  tf 
aignlftcont  backsoattering  from  the  target  is  to  occur;  and  (31  the  method  and  rotativo  ease  of 
generating  the  radiation  are  dependent  upon  ftoquoncy. 

jJC)  For  sea  water  of  conductivity  4  siemenw motor,  iho  spood  of  propagaiton  v  of  a  piano 
electromagnotic  wave  of  frequency  f  is  given  by  V  -  1.6  ■>  10’ f*  m;s,  The  corresponding  wavulengtii 
A  “  1 .6  X  tOT*  m  and  the  attanuallon  coefficient  k  ■0.004  f*m  '.  Fortliuundorsuawiiveiunqihtobe 
less  than  ono-tourth  the  length  of  a  125-m  tong  submarine  would  require  a  frequency  greater  than 
2.6  kHz.  If  one  can  tolerate  a  power  loss  no  greater  titan  99h'o  on  the  one-way  trip  of  tho  radiation 
down  to  a  300-moler  deep  aubmarino.  a  frequency  of  1 5  Hz  or  less  is  dictated,  it  appears  that  the 
choice  of  0  compromtso  frequency  would  bo  governed  by  tho  method  of  generation  of  tiie  radiation. 

(U)  Two  general  methods  of  generating  extromoly  low  frequency  {ELF)  fioids  are  considered; 
rotating  electromagnets  carrying  steady  currents  and  nonrotating  coils  carrying  tnne-v.itymg 
currents, 
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(U)  The  magnetic  induction  B  produced  at  a  distance  i  along  the  axis  ot  a  magnetic  dipole  of 
moment  u  is  given  by 


“  2ff  z* 


in  which  fit,  ie  the  permeability  constant.  The  magnetic  moment  ot  an  air  core  ooit  of  N  closely  spaced 
turns  end  area  A  carrying  a  current  i  is  p  <  N  i  A.  Tor  a  rnagnetic  dipole  to  produce  a  magnetic  field  at 
a  distance  of  100  m  equal  to  that  of  the  earth  (i.e..  approximately  o.s  gauss  »  0.5  x  i0  '*  testa)  would 
require  a  dlpple  having  a  moment 


2irBz» 

ti<* 


0.5  X  10  ‘  ■“  10'' 
C  X  to  ' 


2.5  X  10*  A- m*. 


4.2.1  (^)  Rotating  Superconducting  Electromagnet  (U) 

(0)  For  purposes  of  reference,  in  1972  a  superconducting  magnet  of  moment  10*  A  m*  was 
developed  and  flight  tested  in  a  CH-S3  holicopter  for  use  in  a  Navy  minesweeping  program.  See 
reforonce  (a).  From  an  extrapolation  of  data  given  in  reforence  (f),  it  appears  that  a  suporconducting 
electromagnet  could  be  constructed  that  would  produce  a  magnetic  moment  of  about  10* 
ampere-meter*  but  which  would  weigh  about  400  lb  and  have  a  diamater  of  about  b  moton..  Ono 
might  first  consider  meposstbitity  of  Installing  such  a  device  in  an  aircraft  and  passing  a 
Hine-varying  current  through  it  to  produce  a  time-varying  magnetic  field.  However,  when  one 
considers  that  the  inductive  time  constant  UR  would  bo  of  tho  order  of  tens  of  minutes  for  such  a 
device,  one  is  discouraged  from  trying  to  energtzo  it  with  an  aiternating  current. 

(U)  if  a  suporconducting  mqgnot  is  energized  with  a  direct  current,  a  ramote  tlmo-vaiynrg 
magnetic  Hold  can  bo  produced  by  rotating  the  coil.  However,  tho  task  of  Installing  and  rotating  a 
iiquid-holium-coolcd  coil  of  5-meter  diameter  on  an  aircraft  is  not  to  be  taken  liglitly.  Sm.nllei' 
diameter  coils  could  be  designed  but  at  the  axpensa  of  greator  weight;  for  example,  to  acliiove  (he 
same  inagnofic  moment  of  10*  A-m*  with  5-in  and  4,m  diameter  coils  would  involve  weights  ot  nbout 
000  and  1600  )b  respectively.  These  weights  would  include  provisions  lor  dissipating  the 
considorabie  ainourit  ol  onorgy  stored  in  tho  magnetic  field  in  tho  event  the  coil  windings 
unexpectedly  go  out  ot  tho  superconducting  mode. 

In  practice,  the  rotating  magnet  might  be  altached  beneath  the  search  aircraft  but  preferably 
Separated  and  shielded  from  it  to  reduce  the  adverse  effects  on  aircraft  instrumonts  and  occupants, 
Tho  receiver  could  be  a  magnotomelar  or  magnetic  gradiometer  installed  Iri  a  second  airrrraft  or 
townd  biihind  the  transmitting  aircraft. 


4.2.2  IJZj  Nonrotattng  Largo  Coil  <U) 

(^)  A  second  approach  toward  generating  ELF  tiolds  from  an  aii  craft  is  to  construct  a  coil  ot 
very  large  area  by  winding  a  conventional  electrical  conductor  around  the  aircrall  from  wmgtip  to 
wingtip  to  tail.  For  a  R-3  aircraft,  tho  wing  span  is  30.4  m  and  tho  overall  length  is  35.6  m.  The  lungth 
of  ouch  turn  of  wiro  would  bo  about  87.2  m  and  tho  area  of  tho  coil  that  would  result  would  tie 
approximately  364  m*.  To  achieve  a  magnetic  dipoio  moment  huvini  a  root-rnoan-squam  valuo  of 
10“  A- nr'  (two  orders  of  magnitudn  smaller  than  that  discussed  above)  would  require  a  lot, at 
circulating  rms  current  ot  2747  ampere  turn.s.  If  tlio  noil  is  conslrnctnd  ol  hare  snlirl  coppm  Wire  of 
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sae  A.W  Q  0000.  which  I3  rated  at  325  amperes,  an  8.45-turn  coi!  could  be  used.  Its  eiecirical 
resistance,  at  an  assumed  temperature  ot  50  C.  would  be  0.133  ohm  and  the  power  dissipated  in  it 
would  be  14  KW.  The  weight  of  the  copper  wire  would  be  70S  kg  (1550  lb).  To  provide  some  idea  of 
the  rate  of  falloft  of  the  field  with  distance,  it  should  be  noted  that  me  amplitude  of  the  magnetic 
induction  produced  along  the  axis  of  this  coil  would  be  egual  to  the  earth  s  field  at  a  distance  of  only 
17.8  ^from  the  aircraft. 

[fi)  It  is  expected  that  an  active  ELP  sensor  could  be  developed  that  would  yield  detection 
ranges  comparable  to  that  achievable  with  a  passive  magnetometer  or  magnetic  gradiometer. 
insofar  as  detection  by  this  method  does  not  require  the  submarine  to  have  a  magnetic  moment  nor 
even  to  be  constructed  of  ferromagnetic  material  but  only  to  have  an  electrical  conductivity 
significantly  different  from  that  of  sea  water,  it  could  provide  a  capability  against  degaussed  steel 
and  titanium  hull  submarines  that  conventional  magnetic  anomaly  detectors  do  not  afford.  In  any 
case,  however,  it  would  not  provide  the  sought-for  search  rates  of  1.500  to  5,000  nml*/hr. 

4.3  SOUND  (U) 

(^]i  One  of  the  most  widely  exploited  techniques  fordetectlng  and  localizing  submarines 
Involves  the  generation  of  sound  by  a  transducer  Immersed  In  the  water  and  the  subsequent 
detection  of  the  echo  of  the.'  sound  reflected  off  the  submarine.  As  pointed  out  previously,  sound 
propagates  well  through  both  water  and  air  but  does  not  penetrate  well  from  one  to  the  other. 
Accordingly,  if  one  wishes  to  gene'ate  underwater  sound  from  a  high  speed  platform  such  as  an 
airplane  or  a  helicopter,  one  usually  bridges  the  air-water  interface  wHh  dipping  sonars  or  with 
sonobuoys.  Consider  for  the  present,  however,  the  possibility  ot  projecting  sound  directly  into  the 
water  from  an  overflying  aircraft.  The  reflectance  R  of  sound  at  the  air-sea  interface  at  normal 
incidence  is  given  by 


n 


*  P. 


in  which  and  p,  are  the  densities  of  water  and  air,  respectively,  and  v»  and  v,  are  the  velocities  of 
s  >und  in  water  and  air.  respectively.  Inserting  representative  MKS  values  into  this  equation  yields 


„  1.03  X  10‘ X  1.5  X  10»  -  1.2  X  33S 

i':03"x  lb*xi;5'x"lbC'  l'.2''x"336 


0.99946. 


That  is.  only  0.052%  of  the  normally  Incidertt  sound  passes  through  the  interface.  Because  sound 
travels  in  sea  water  at  a  speed  about  4.4  times  greater  than  in  air.  the  Index  of  refraction  of  water  n; 
(for  sound)  relative  to  that  of  air  ni  is  nj  =  1/4.4  >=  0.227.  For  sound  In  air  incident  on  the  water 
surface  at  an  angle  e,  relative  to  the  normal,  the  angle  of  refraction  of  the  sound  in  water  is  given 
by  Snell's  law 


n,  sin  P,  =  n,  sin  d. 
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Because  sin  Ot  cannot  exceed  unity,  the  maximum  vaiue  of  t>,  (i.e..  the  cntica!  angle  //«)  for  which 
sound  can  enter  the  water  is 


tic  *  "  arc  ■»  la.l". 


Sound  in  air  is  "totally  internaily  reflected"  back  into  the  air  for  angles  of  incidence  greater  than 
13. r.  thus  only  that  sound  that  falls  within  a  cone  of  hatf>angie  13.1°  (that  is.  within  a  soiid  angle 
n  °  IT  tan''  13.1° «  0.171  ster)  has  some  possibility  of  enteriitg  the  water,  and.  from  the  foregoing,  no 
more  than  0.052%  of  Orat  can  penetrate.  It  an  overwater  sound  source,  such  as  an  aircraft,  radiates 
acoustic  power  at  a  rate  of  P  watts  uniformly  in  ail  directions  (i.e.,  over  4n  ster] ,  the  power  P'  Incident 
on  the  surface  within  this  solid  angle  and  passing  into  the  water  wilt  be 


P*  < 


Q.1 71  X  S,2  X  10- 

Atr 


P  «  7.1  X  10“  P  watt 


Note  that  the  total  amount  of  acoustic  power  entering  the  water  is  independent  of  source  altitude. 
The  sound  Intensity  I  in  the  water  directly  below  a  1-W  source  at  an  assumed  altitude  of  1000  m  is 


I  -  5.2  X  10“  X  .5 — 
4it  ' 


1  W 
1000’ n?" 


»  a.i  X  io-’»  w/cm» 

10*  cm* 


which  is  above  the  threshold  of  hearing  (10'**  W/cmr)  of  the  unaided  human  ear.  If  aft  of  the  sound 
from  an  aircraft  thus  incident  upon  a  shallow  depth  submarine  were  reflected  beck  to  the  surface 
without  further  loss  or  spreading,  the  intensity  above  the  surface  would  be 


5.2  X  10“  X  4.t  X  10*'»  =  2.1  X  10'’*  W/cm". 


Detection  ol  this  low  intensity  sound  against  a  background  of  direct  path  sourtd  of  intensity  at  least 
3.7  X  io»  times  greater  (i.e..  {5.2  x  10'*)“)  does  not  appear  promising  for  datocting  submartnas.  An 
easier,  but  less  desirable,  alternative  would  be  to  penetrate  the  interface  only  once  by  using  an 
airborne  source  to  produce  a  rapid  succession  of  sound  pulses  having  known  points  of  incidence  on 
the  sea  surface  and  using  a  passive  listening  sonobuoy  to  receive  the  returns  from  the  submarine. 

(^  The  question  seetiiu  to  reduce  to  this;  How  can  ono  overcome  the  acoustic  mismatch  at  the 
air-sea  interface  without  mechanically  bridging  that  interface?  Perhaps  the  answer  is  the  acoustical 
analog  of  quarter-wavelength  thick  coatings  of  intermediate  index  of  refraction  used  so  successfully 
in  optics  to  render  surfaces  ncnreflective.  Another  posstbto  answer  is  to  produce  the  sound 
irulirectly  by  zapping  the  surface  by  a  pulsed  source  of  electromagnetic  radiation  such  as  an 
airborne  laser.  Water  is  quite  opaque  to  10.8-micrometer  radiation  from  a  COt  laser;  that  is.  it 
absorbs  essentially  all  the  energy  within  the  first  100  micrometers  of  depth,  A  1  -foule  taser  pulse  has 
sufficient  energy  to  boil  explosively  383  micrograms  of  water  iniflaily  at  15‘C.  thereby  producing  a 
"bubble  ■  of  vapor  having  a  volume  of  0.62  cm'.  A  "click”  ol  sound  ts  produced  at  the  surface  which 
can  be  used  in  an  active  sonar  system  in  coniunctton  with  a  passive  lts»anmg  sonobuoy.  This 
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approach  suffers  several  limitalions:  first,  the  offtciertcy  of  converting  infrared  energy  to  acoustic 
energy  by  this  method  is  only  about  10  second,  the  sound  is  produced  at  the  very  surface  and  thus 
does  not  propagate  well  in  water  exhibiting  typical  vertical  temperature  gradients. 

4.4  (Uy  SURFACE  GRAVITY  WAVES 

(U)  Another  type  of  field  that  could  be  produced  artificially  and  which  could  interact  with  a 
submarine  is  a  surface  gravity  wave  field  which  could  be  generated  by  the  harmonic  motion  of  a 
large  piston  in  the  water.  The  motion  would  not  be  confined  to  the  surface  but,  for  the  deep  water 
case,  would  consist  of  the  movement  of  individual  fluid  particles  in  vertical  circular  orbits.  The  radii 
n  of  the  particle  orbits  decrease  exponentially  with  depth  z  as  given  by 


R  «  A  ‘ 


In  which  A  is  the  amplitude  of  a  wave  of  wavelength  Thus  surface  waves  of  1-m  amplitude  and 
100>m  wavelength  will  be  accompanied  by  particle  orbital  motion  of  B.6-cm  diameter  at  a  depth  of 
50  m.  Since  the  period  T  of  ocean  waves  is  related  to  x  by  the  formuta  T  (ZrrA/gy*,  where  g  is  the 
acceleration  of  gravity,  the  period  of  orbital  motion  of  the  partidlas  in  the  above  example  would  be 
6.0  seconds  and  their  orbital  speeds  would  bo  about  3.4  om/s.  The  presence  ot  a  submarino  and/or 
Its  turbulent  waKe  at  a  depth  where  these  orbital  motions  are  significant  will  cause  a  small  amount  of 
scattering  the  surface  waves.  Aetationery  submarine  would  produce  a  series  of  waves  expanding  In 
the  form  of  rings  over  the  position  of  the  submarine.  These  smalt  amplitude  waves  would  have  to  be 
detected  against  a  background  of  naturally  occurring  waves  and  the  artificially  generated  wave  field. 
The  energy  investment  in  a  10  km  x  io  km  field  ot  waves  of  iQO-m  wavelength  and  l-m  amplitude 
would  be  of  the  order  of  10"  |outes.  To  maintain  a  tO-km  wide  field  of  such  waves  would  a  power 
expenditure  of  the  order  of  to*  watts.  This  approach  does  not  appear  feasible,  especially  tor  the  large 
area  search  mission. 

4.5  iU)  INTERNAL  GRAVITY  WAVES 

tU)  The  problems  associated  with  the  generation  and  utilization  of  an  internal  gravity  wave  field 
would  be  analogous  to  those  discussed  above.  Coupling  the  generator  to  the  medium  and  detecting 
the  scattered  internal  waves  would  probably  be  more  difficult  in  this  case. 

4.6  (U)  steady  electric  field 

(U)  A  steady  electric  field  could  bo  produced  by  applying  a  potential  difference  between 
electrodes  placed  in  the  water.  An  Intrusion  into  the  field  by  a  metallic  submarine  would  reduce  the 
resistance  of  the  path  between  the  electrodes.  Consider  the  specific  illustrative  example  of  two  large 
vertical  plane  parallel  electrodes,  each  tOO  m  by  100  m.  separaiuvi  by  a  distance  of  1  km  in  sea  water 
of  conductivity  4  siemens/m.  If  a  submarine,  approximated  as  a  right  circular  cylinder  of  infinite 
conductivity,  length  125  m  and  diameter  3.4  m.  is  placed  between  the  electrodes,  the  resistance 
between  the  electrodes  will  be  reduced  by  about  0.07%.  a  value  which  is  fairly  independent  of  the 
orientation  of  the  submarine  relative  to  the  field.  If  the  size  of  the  eteotrodes.  and/or  ihe  distance 
between  them  were  to  be  reduced,  larger  signals  would  result  but  the  probability  of  the  submarine  s 
entering  the  field  would  be  reduced-  Perhaps  the  limiting  noise  in  such  a  detecting  system  would 
arise  from  random  variations  in  temperature  and  salinity  of  the  intervening  sea  water.  The 
conductivity  of  sea  water  varies  with  temperature  by  2  to  3%  per  Kelvin,  the  actual  amount  depending 
upon  the  salinity  and  the  location  of  the  temperature  interval.  Thus,  for  the  case  assumed  above. 
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variations  of  the  order  ot  0.02  to  0.03  K  in  the  temperature  of  the  water  between  the  electrodes  would 
produce  noise  comparable  to  thu  signal  from  a  submarine.  This  approach  may  bo  marginally  feasible 
from  a  technical  point  of  view  but  It  hardty  appears  attractive  from  the  operational  viewpoint, 
particularly  as  a  large  area  search  sensor. 

4.r  (U)  STEADY  MAGNETIC  FIELD 

(U)  A  steady  magnetic  field  coutd  be  produced  over  limited  regions  ot  space  such  as  harbors, 
channels  and  estuaries  by  means  of  large  current-carrying  loops  laid  on  the  bottom,  circulating 
electric  currents  in  the  water,  permanent  magnets,  and  conventional  and  superconducting 
electromagnets.  Effects  produced  oy  the  submarine  may  be  ot  two  types:  a  distortion  of  the 
magnetic  field  if  the  submarine  is  constructed  of  ferromagnetic  material,  and  motional  eiecfric  fields 
produced  by  the  movement  of  the  submarine  (assumed  to  be  an  electrical  oonductor)  and/or  of  the 
water  in  the  applied  magnetic  field.  Effects  of  both  types  may  be  detected  by  magnetometers, 
magnetic  gradiometera,  or  by  simply  monitoring  the  electric  currents  in  loops  of  wire.  Once  again, 
these  approaches  do  not  lend  tfiamselvos  to  large  area  search. 

4.8  FIELD  OF  MAGNETiC  PARTICLES  (U)  ’ 

(pj  If  a  large  number  of  magnetic  particles  (either  magnetized  or  magnetizable)  couid  be  sown 
over  large  areas  of  the  ocean  they  would  tend  to  align  their  magnetic  moments  (permanent  or 
induced)  in  the  diroction  of  the  local  magnetic  field.  If  the  presence  ot  a  submarine  alters 
significantly  the  direction  of  the  earth’s  magnetic  Held  and  If  the  orientation  of  the  magnetic  particles 
can  be  detected  ramutely,  a  potential  technlciua  for  detecting  submarines  would  result.  If  the 
magnetic  moments  and  moments  of  inertia  of  the  particles  are  known,  then  the  magnitude  of  the 
local  magnetic  field  could  be  detorminod  by  moa.surlrtg  the  frequency  of  oscillation  of  the  particles. 


4.8.1  (jf^)  Orientation  (Field  Direction  Changes)  (U) 

(j^  Consider  first  the  change  In  the  direction  of  the  earth’s  magnetic  field  that  could  be 
produced  by  a 'standard"  submarliij  of  magnetic  moment  M  1.4  'f  10*  A  m’ as  a  function  of  range. 
Assume  that  the  submarine  can  be  represented  magnetically  as  consisting  of  N  and  S  poles  lying 
along  the  submarine  s  tongitudinal  axis  and  soparnted  by  a  distance  2  a  •»  80  m.  The  magnetic 
induction  8,  from  the  submarine  along  the  perpendicular  hisector  of  the  line  joining  the  N  and  S 
poles  and  at  a  distance  s  from  it  is  given  by 


B  its. - B . 

’  4ir  (8»  + 


3.014 


(S'*  +  1600)-‘ 


:  tesla 


Consider  the  best  case  situation  in  which  the  submarine  is  aligned  in  an  east-west  direction.  Assume 
the  horizontal  component  ot  earth  s  magnetic  Induction  to  be  Be  »  0.2  s  10  *  T.  Then  the  maximum 
angle  .\0  through  which  a  magnetic  compass  needle  would  be  deflected  by  the  presence  ot  a 

submarine  would  be  =  arc  tan  B,/B,  =  arc  tan  ^  h  assumed  that  deflections  of 

as  small  as  O.t  degree  could  be  ssrised.  detection  could  be  accomplished  at  a  submerine-to- 
compass-needle  range  of  s  -  62  m.  In  piincipte.  large  numbers  of  magnetized  needles  would  be 
scattered  over  a  wide  expanse  ol  ocean  surface  and  Iheir  orientallons  sensed  remotely.  pe»tiap.‘j 
by  a  high-resolutlon  radar  ol  variable  polarization.  Only  under  perfectly  calm  sea  cotidlhons  could 
one  expect  all  of  the  needles  to  be  property  aligned.  In  a  sea  that  is  not  calm,  the  orientation  ol 
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any  particular  compaos  neadlo  will  be  dotemnined  mostly  by  chance  and  only  slightly  by  the 
magnetic  torque  between  the  earth  s  magnetic  field  and  the  magnetic  moment.  Suppose  that  there  is 
a  scattering  of  the  orientations  of  compass  needles  over  a  range  of  rO.S'.  if  0.5*  Is  then  taken  as  the 
smallest  angular  displacement  that  can  be  sensed  for  an  ensemble  of  needles,  the  maximum  range 
to  the  submarine  would  then  be  only  TO  m.  The  prospects  for  delecting  submarines  by  this  method 
do  not  appear  encouraging. 

4.8.2  Oscillation  (Field  Magnitude  Changes)  (U) 

(jzf)  A  somevrhat  more  promising  approach  might  be  to  sow  the  ocean  surface  with  magnetic 
particles  that  would  respond  to  submarine>produced  changes  In  the  magnitude  of  the  magnetic  field 
rather  than  its  direction.  The  frequency  f  of  small  oscillations  of  a  compass  needle  about  its  center  of 
mass  in  the  absence  of  friction  is 


If  Be  »  0.5  X  10“^  T.  M  •  7.8  X  and  the  moment  of  inertia  i  ■  4,a  x  to-'®  kg-m*',  than 

f  « 4.8  Hz.  The  change  in  frequency  df  accompanying  a  change  in  the  magnitude  of  the  magnetic 
field  dB(  would  be 


For  the  condition  assumed  above  and  a  change  dBe  -  1  nT  (from,  for  example  a  •  standard" 
submarine  at  a  range  of  Q03  m)  df  4,6  x  t0~®  Hz.  Measurement  of  such  a  small  frequency  change 
would  require  an  observation  time  ol  the  order  of  (df)  that  is.  a  rather  discouraging  6. 1  hours. 

To  make  this  approach  feasible  it  would  be  necessary  to  usa  magnetic  particles  exhibiting  a 
much  higher  ratio  ol  /t/l  than  that  discussed  above  (le..  1  6  x  18'  A/kg)  as  a  means  of  increasing  f 
and  df  to  values  that  are  moasuiabie  in  reasonable  times  (t.e..  of  the  order  of  one  second),  Electrons 
and  the  nuclei  of  many  species  of  atoms  possess  magnetic  moments:  representative  values  are 
9,27  X  lO"**  A- m®  for  a  free  electron  and  1.41  x  lO"®*Aiu' fora  hydrogen  nucleus  (proton).  If  one 
assumes  that  a  proton  can  be  considered  as  a  solid  spttcre  of  uniform  density  of  radius  1 .4  x  10  '®  m 
and  mass  t.6?  x  lO*"  kg.  Its  moment  of  inertia  l„  would  be 


1,  «  ®/»  X  1.67  X  10'*'  X  (1,4  X  10  *‘)®  =  1.31  X  ID'®'  kg-m® 


and  its  ratio  of  magnetic  moment  to  moment  of  inertia  would  be  1.08  x  t0»'  A/kg.  its  fraquancy  of 
oscillation  in  the  earth's  Hold  would  be  3.7  x  io'®  Hz  from  the  formula  applied  above  to  the  case  of 
the  compass  needle.  Actually,  however,  the  situation  is  not  quite  so  simple.  Because  the  magnetic 
moments  arise  from  the  spinning  of  the  charged  particles  aboutfheir  axes,  the  particles  also  possess 
mechanical  angular  momentum.  Accordingly,  the  particles  do  not  simply  vibrato  (as  would  a 

•tU)  HurultwaanBUurnod  Ihallhe  naadivsare  i.Ocm  loneanttO.IU  min  (ndinmotorandmadoul  Afniuo  5  Itavmy  .idonsityot 
7  3  (jramSfCm^iinU  arumnixim  raaqneMZHtton  of  i2.S00q,'itj‘f9. 


41 

nJMm 


NAOC-80228-30 


compass  needle)  but  rather  preoess  at  the  Larmor  frequency  about  the  direction  of  the  external 
magnetic  field  in  a  manner  analogous  to  a  rotating  top  in  a  gravitationaf  field.  The  frequency  of 
precession  f  Is  given  by 


g  e  B 
4rrM 


in  which  e  is  the  electronic  charge.  M  is  the  messot  the  particle.  B  is  the  external  magnetic  induction 
and  g  is  a  tudge  factor  whoso  value  depends  upon  the  spocies  of  particle.  Fora  proton  in  a  magnetic 
field  of  0.5  x  10-‘  tesla 


5.505  X  1,6  X  10- ■»  X  0.5  x  10"^ 
'471x1.67x10-" 


2129  Hz. 


The  change  in  frequency  df  accompanying  a  change  dB  In  the  external  magnetic  field  is 

dl»-gdB. 


For  dS  *  1  nT,  df  »  0.043  Hz  for  a  proton  in  the  earth's  field  and  df  »  28  Hz  tor  a  free  electron. 
Observation  times  required  to  measure  these  frequency  changes  would  bo  of  the  order  of  (df)  '  or 
about  24  s  and  0.04  s,  respectively.  Hydrogen  nuclei  are  present  in  sea  water  in  great  abundance; 
unpaired  electrons  are  present  in  oxygen  molecules  in  the  atmosphere  end  in  paramagnetic  salts 
dissoived  in  sea  water.  Accordingly  it  Is  not  necessary  for  the  sensor  to  generate  a  field  of  those 
partlcios.  Further  dlscussioir  of  this  topic  is  deferred  to  section  6.1. 

4  9  ifi)  FIELD  OF  SURFACE  (WATER)  CURRENT  INDICATORS  (U) 

(fi)  Under  certain  oceanographic  and  submarine  operattirg  conditions,  a  moving  submarine  cun 
effect  andfor  attoct  local  water  surface  currents,  if  the  water  surface  could  be  tagged,  perhaps  by 
markers  dispensed  from  an  aircraft,  it  would  be  possible  to  detect  very  small  changes  in  surface 
current  produced  by  a  submarine.  Surface  currents  could  arise  in  a  number  of  ways  suet)  as 
displacement  of  water  by  the  submarine,  generation  of  vortices  by  control  surfaces,  turbulence, 
changes  in  convection  patterrrs.  surface  gravity  waves,  turbulent  wake  collapse,  internai  waves, 
streams  uf  rising  bubbles  or  hot  water,  and  a  vortical  component  of  propeller  wash.  Techniques  such 
as  using  a  crop  duster  aircraft  to  lay  a  grid  of  sulfur  or  aluminum  powder  or  simply  throwing  roam.s  ot 
mimeograph  paper  from  an  airplane  have  been  tried.  Calculations  of  local  surface  currents  from  the 
displacement  of  water  by  the  hull  of  a  B-kn  submarine  yield  values  of  about  3  cm/s  for  a  keel  depth  of 
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1 00  ft  and  0.03  cm/s  for  a  ksat  depth  of  300  ft.  Surface  currents  of  up  to  1 .4  cm/s  have  peon  caloufated 
as  resulting  from  vortices  from  the  negative  ■lift"  of  control  surfaces  for  a  5.S-kn  subntarino 
operating  at  a  keol  depth  of  130  feet  with  a  net  hydrostatic  buoyancy  of  24  long  tons.  Such  local 
surface  current  anomalies  move  with  the  subrriarine  and  therefore  act  for  only  a  short  time  on  a 
given  region  of  water.  Accordingly,  seeding  techniques  such  as  those  mentioned  above,  which 
reveal  dlsplacemartts  of  the  surface  water  over  a  period  ,of  llmo,  do  not  provide  a  sensitive  Indication 
of  motion.  It  appears  that  another  mechanism,  the  affect  of  surface  currents  on  the  slopes  of  short 
surface  waves,  could  provide  a  much  more  sensitive  Indicator  (and  one  which  does  not  roquiro  the 
use  of  oKpendabtes).  This  approach  Is  considered  in  section  S,3. 
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5.0  -PIE!  OS"  nXlSTlNQ  INOEPENDENTU  BUT  AFFECTED  BY  THE  SUBMARINE  <U) 

in  this  sactlon  aro  considorad  tho  various  typos  ot  fields  of  natural  origin  and  of  human 
cultural  origin  which  can.  in  principle,  ititoract  with  a  subrnarina  and  produce  a  detectable  effect  at  a 
remote  sensor  as  illustrated  schematically  in  tigure  5.1.  In  some  cases,  the  effect  may  be  simply  a 
redistribution  of  tho  ’‘energy"  of  tho  field.  In  other  cases,  the  ’'field"  may  represent  stored  energy 
whose  release  Is  triggered  by  the  presence  or  passage  of  a  submarhio.  The  "fields"  considered 
hero  Include; 

t.  Eloctromagnutic  radiation 

a.  ELF  (extremely  tow  frequency) 

b.  Sunlight 

2.  Sound 

3.  Surface  gravity  waves 

4.  Steady  magnetic  field 

5.  Blelumlnescent  organisms 

6.  Sea  animals 

7.  Ocean  stratification 

S.  Intsrnal  wave  fields 

9.  Water  convection  colts 

10.  Thermal  microstructure 

11.  Surface  fllma. 


(UNCLASSIFIED) 

Figure  S.i  (IJ)  Scattering  Of  An  Independently  Existing  Field  By  A  Submarine 
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5.1  ELECTROMAGNETIC  RADIATION  (U) 

5.1. 1  {p!  Exiretnaly  Low  Frequency  (H) 

(|^}  As  discussed  In  section  4.2.  extremely  low  frequency  (ELF)  radiation  can  penetrate  sea 
water  to  considerable  depths.  The  amplitude  of  a  plane  electromagnetic  wave  as  it  penetrates  into  a 
conductor  decreases  to  a  value  of  t/o  (37%)  of  its  initial  value  In  a  distancu  d  (the  "skin  depth"  ) 
given  by  the  equation 


In  which  (u  Is  the  angular  frequency  of  the  radiation,  and  tr  and  it  are  the  conductivity  and  magnetic 
permeability  of  the  conductor,  respectively.  For  sea  water,  the  skin  depths  corresponding  to 
frequencies  of  i.0. 10. 100,  and  1000  Hz  are  2S2  m.  ao  m,  25  m.  and  3.0  m,  respectively.  As  discussed 
In  suction  4.2,  another  factor  Influencing  the  choice  of  frequency  Is  the  length  of  the  submarine 
compared  with  the  undorsea  wavelength  of  tho  radiation.  It  the  submarine  is  equipped  with  a  low 
frequency  antenna  (such  as  a  floating  wire  or  a  trailing  buoy  ferrito-loaded  loop)  for  receiving 
long'range  communications,  the  tuned,  deployed  antenna  system  will  reradlate  60%  of  the 
alectromagnetlc  radiation  that  it  intercepts.  Ttius,  the  submarine  will  act  as  a  very  low  level  source  of 
radiation  when  it  Is  irradiated  at  the  frequency  to  which  its  antenna  system  is  tuned.  Tite  incident 
radiation  may  be  either  man-made  or  of  natural  origin.  Tlie  frequencies  selected  lor  tho 
SANOUINE/SEAFARER  communication  system  are  45  and  75  Hz.  Commercial  electric  power 
transmission  lines  serve  as  vast  antenna  systems  emitting  radiation  at  froquenoes  of  50  and  60  Hz. 
Radio  broadcast  stations  are  another  souice  of  "free "  electromagnetic  ladiation. 

5.1. l.t  (^)  Sferics/Whistlers  (U1 

(0^  Eiectromagnetio  radiations  originating  from  atmospheric  eieciricat  discharges,  .such  as 
those  accompanying  thunderstorms,  are  known  as  stories.  Stories  omitted  by  lightning  discharges 
exhibit  a  frequency  distribution  ranging  from  a  few  hertz  to  a  few  gigahertz  witft  tho  peak  occurring 
at  about  10  kHz  and  ore  detoctabte  at  ranges  of  thousands  of  miles.  Stories  In  the  audio  troquoncy 
range  may  propagate  along  the  lines  of  the  earth's  magnetic  field  to  the  conjugate  point  in  the 
opposite  hemisphere.  Sierics  which  propagate  in  this  manner  are  called  "whistiors."  The 
characteristic  drawn-out  descending  pitch  of  the  whistler  is  a  dispersion  effect  owing  to  the  greater 
velocity  of  the  higher  frequency  components  of  the  disturbance.  Whistlers  can  be  detected  at 
considerable  depths  in  the  ocean.  Stories  in  general  and  whistlers  in  particular  represent 
electromagnetic  radiation  that  could  possibly  bo  used  in  a  dotoction  scheme  Involving  their 
reradiaiion  or  scattering  by  tl<e  submarine. 

5.1.2  (^)  Sunlight  (U) 

{^)  Radiation  in  the  visible  part  of  the  spectrum  is  supplied  by  the  sun  at  a  rate  oi  several 
hundred  watts  per  square  meter.  By  a  fiappy  coincidence  the  radiation  from  tho  sun  peaks  near  the 
wavelength  of  greatest  transparency  of  water  (except  for  frequencies  lower  than  about  one 
kilohertz.)  A  portion  of  the  sunlight  that  enters  the  water  Is  absorbud  and  is  degraded  eventually  to 
heat;  another  portion  is  scattered  and  some  of  this  light  comes  back  out  of  tho  water.  Tho  presence 
of  a  submarine  can  affect  the  magnitude,  the  spectral  distribution  and  tho  polarization  of  the 
back-scattered  light;  it  a  given  submarine  is  m  clear  deep  water  of  low  particulate  contont,  it  in.sy 
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appear  light  relative  to  the  oarK  water:  If  it  is  in  water  ot  high  particulate  content,  it  may  appear  dark 
retative  to  a  light  background.  If  the  submarine  is  viewed  from  an  angle  that  is  different  from  the 
angle  from  which  it  is  illuminated,  the  shadow  cast  by  the  submarine  may  be  detectable  as  a  shaft  of 
lelatlve  darkness  in  the  body  oi  the  water  regardless  of  how  well  the  spectral  rofieclivity  of  the 
submarine  matches  that  of  the  water. 

6.1. 2.1  i,^)  Coior  Dltferonces  (U) 

(f!)  Because  sea  water  acts  as  a  fiber  whose  spectral  pass  bund  becomes  narrower  as  the  path 
length  through  it  increases,  the  spectral  distribution  of  light  reflected  from  the  submarine  will  differ 
from  that  scattered  by  the  water  beyond  the  submarine.  Small  differences  in  color  over  a  submarine 
can  be  enhanced  by  differentiai  spectral  filtering  and/or  by  the  use  of  faiae>color  techrticiues  to 
expand  a  small  portion  of  the  spectrum  fi.e.,  the  blue-green  portion)  to  cover  the  entire  visible 
spectrum.  Electro-optical  viewing  devices  which  are  now  undergoing  deveiopmant  show  promise  of 
deteotlng  the  very  small  contrasts  that  would  be  associated  with  a  submarine  shadow  while 
possessing  adequate  dynamic  range. 

5.2  (5^)  ACOUSTIC  (U) 

(^)  The  sound  (acoustic  noise)  background  of  the  sea  originates  from  many  sources:  seismic 
disturbances,  ocean  turbulonoe.  breaking  crests  of  wind  driven  waves,  surface  waves,  storms,  ships, 
otf-shore  oil  drilling  rigs,  ocean  bottom  mining,  industilai  establishments  on  shore,  marine  animals, 
tailing  ram  and  cracking  ice.  This  quite  variable  sound  field  is  usually  regarded  as  a  .hindrance  in 
submarine  detection.  However,  the  intrusion  of  a  submarine  into  a  region  of  ensonified  sea  space 
can  produce  spatial  and  spectral  changes  in  the  ambient  sound  distribution  in  the  torm  of  reflections 
and  shadows. 

5.3  (jZl  SURPACE  QRAVITV  WAVES  (U) 

{^)  The  oceans  possess  a  tremendous  amount  ot  energy  in  the  form  of  surface  gravity  waves. 
This  energy  is  not  limited  to  the  surface  but  is  present  also  in  the  form  of  orbital  motion  of  the  fluid 
particles  at  depth  as  discussed  in  section  4.4.  A  submerged  submarine  can  cause  a  potnntiaiiy 
detectable  redistribution  of  a  small  amount  of  this  natural  surface  wave  energy. 

6.4  (U)  MAGNETIC  FIELD 

fU)  A  large  ferromagnetic  body  such  as  a  submarine  can  distort  the  earth's  magnetic  field  such 
that  the  resulting  anomaly  appears  aa  the  field  of  a  magnetic  dipole  superimposed  on  the  (relatively) 
uniform  field  of  the  earth.  The  considerations  of  section  3.1.1  apply. 

5.5  BtOLUMlNESCENCE  (U) 

Bloiuminescent  organisms  are  reported  to  inhabit  all  parts  of  the  oceans  at  number 
densities  varying  from  several  to  several  thousand  per  cubic  meter  as  a  function  of  depth,  time  of 
day.  geographiuat  location  and  season.  Many  ot  tho  thousands  of  different  species  of  marine 
biolumlnascent  organisms  emit  flashes  of  tight  when  they  are  disturbed  mechanically.  The  energy  ot 
a  lepresentative  flash  is  of  the  order  of  10  '®  joule  arid  its  spectral  peak  corresponds  to  the 
wavelength  of  maximum  transmission  through  sea  water  or  about  0.48  Mm.  The  passage  of  a 
submarine  through  a  field  of  such  creatures  can  stimulate  them  to  emit  light  which  can  be  detected 
by  the  human  eye  with  tho  possible  aid  of  a  telescope,  low  tight  level  television  or  image  intenstfier . 
The  lutninescent  wake  from  a  submartno  at  a  keel  depth  of  130  ftset  has  been  detected  by  the  unaided 
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eye  of  an  airborne  observer.  (Heference  (g))  It  has  been  reported  that,  in  some  cases,  light  from  one 
organism  can  excite  others  to  radiate.  In  this  manner,  sheets  of  luminescence  can  propagate  at  high 
speed  across  the  water.  {Reference  (h))  Thus  it  is  conceivable  that  a  submarine,  at  a  depth  far  greater 
than  that  from  which  the  fedble  light  from  biotuminescent  organisms  could  be  detectable  above  the 
surface,  could  produce  local  effects  that  would  propagate  to  the  surface  from  organism  to  organism. 
Because  of  competing  "noise"  from  the  reflection  of  sunlight  and  moonlight  from  the  ocean  surtace. 
this  approach  seems  limited  to  use  on  dark  nights. 

5.6  (J^)  FORAGE  FISH  (U) 

In  certain  geographical  locations  at  certain  times  of  the  year,  types  of  sea  animals  such  as 
anohoviea,  herring  and  menhaden  exist  in  such  large  populations  that  they  may  be  cortsidered  as 
constituting  a  field,  it  has  been  observed  that  the  passage  of  a  submerged  submarine  through  a  field 
of  forage  fish  frightens  the  fish  such  that  they  flee  toward  the  surface  and,  in  so  doing,  discharge  a 
considerable  amount  of  gaa  from  their  air  bladders.  (Reference  (I))  These  streams  of  bubbles  have 
been  detected  by  active  sonar  (actually  a  recording  fathometer]  and.  presumably,  could  also  be 
detected  by  nonacoustic  means.  Thera  are  a  number  of  limitations  to  this  general  approach, 
however.  Fiist,  the  existence  of  sutflolentty  largo  numbers  of  forage  Itah  is  probably  limited  to  the 
continental  shelves.  Second,  these  species  feed  near  the  surhtce  at  night  and  rest  in  deeper  waters 
during  hours  of  daylight.  (Actually,  these  limitations  may  net  be  too  serious  insofar  as  submarines 
tend  to  remain  over  the  continental  shelves  and  to  operate  nearer  the  surface  at  night.)  Third,  if  the 
submarine  is  traveling  at  high  speed,  the  fish  receive  a  greater  advance  warning  from  the  greater 
amount  of  noise  produced  by  the  submarine  and  move  casually  out  of  its  way  witftout  releasing  alt. 

5.7  (5^  STRATIFICATION  (U) 

(^]  The  oceans  typically  are  stratified  in  layers  characterized  by  differences  in  temperature, 
salinity,  density,  index  of  refraction,  color,  flora  and  fauna.  The  passage  of  a  submarine  through 
such  stratified  water  can  cause  local  displacements  of  the  layers  from  their  equilibrium  positions 
and  subsequent  oscillations  about  those  positions. 

5.7.1  (0)  Particulate  Layers  (U) 

(j^)  The  turbulence  generated  by  a  submarine  can  produce  a  redistribution  of  small  plants  and 
animals  in  the  wake.  These  effect  are  detectable  by  a  variety  of  methods  but  perhaps  optical  means 
offer  the  greatest  flexibility.  Changes  in  chlorophyll  concentration  can  be  monitored  by  means  of  a 
flurrometer  immersed  in  the  water  or  by  color  changes  observable  from  above  the  surface.  An 
opticaf  radar  could  be  used  to  detect  abrupt  differences  in  index  of  refraction  and  local  changes  in 
population  of  suspended  particles.  This  general  approach  seems  limited  to  smalt  volume  search 
rates:  i.e..  if  an  airborne  optical  sensor  is  used,  its  depth  capability  will  be  smalt;  if  an  immersed 
sensor  is  used,  ils  atua  covet  age  will  be  small. 

5.8  INTERNAL  WAVE  FIELD  (U) 

(0)  Density  stratified  water  is  capable  of  supportirrg  Internal  waves.  The  simplest  case  to 
consider  is  one  in  which  a  thick  layer  of  dansity  p'  is  resting  upon  a  second  thick  layer  of  greater 
density  p.  If  water  near  the  interface  of  the  two  layers  is  vertically  displaced  periodically  from  ds  rest 
position  at  a  frequency  f.  g  train  of  interfaciat  waves  is  produced  of  wavelength 
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in  which  g  is  the  accelQration  duo  lo  gravity.  Tho  celerity  c  of  the  waves  is  given  by 
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(Note  that  for  tho  special  case  of  an  air-water  intertaco,  and  the  above  equations  reduce  to 

those  describing  surface  gravity  waves;)  Because  the  density  of  one  layer  may  differ  from  that  of  tho 
second  by  only  about  1%.  the  wavelengths  and  speeds  of  propagation  of  internal  waves  are  only 
about  1%  and  10%,  respectively,  of  their  surface  counterparts.  An  internal  wave  field  may  exist 
wherever/whenever  density  stratified  water  exists,  A  submarine  cart  cause  a  scattering  of  internal 
waves  Him  liar  to  that  produced  on  surface  gravity  waves-  Qeiteraily.  the  frequency  of  naturally 
occurring  internat  waves  la  very  low  and  the  coupling  between  them  and  a  submarine  is  rather  weaK. 
Itt  addition,  tho  detection  of  a  fiald  of  internal  waves  from  an  aircraft  poses  problems  much  more 
severe  than  does  the  detection  of  surface  waves:  the  difficulty  is  heightened  by  the  need  to  detect 
small  submarine'caused  changes  in  the  naturaffy  occurring  internal  wave  fiatd.  This  approach  does 
not  appear  promisi  ng. 

8.9  CONVECTION  Cei.l.S  (U) 

TypiC£9ly,  during  hours  of  sunlight,  the  upper  layer  of  the  ocean  is  warmed  and,  (for 
temperatures  above  4‘'C)  because  of  thermai  expansion,  is  less  dense  than  the  underlying  water, 
f  hus  a  condition  of  vortioai  stability  exists.  At  night,  tho  upper  layer  may  lose  heat  through 
convection  and  conduction  to  tho  (cooler)  air.  through  radiation  to  space  and  through  evaporation. 
The  surface  layer  cools,  becomes  more  denss  than  the  underlying  water  and  becomos  vertically 
unstable.  Viscous  forces  are  overcome  and  the  denser  water  begins  to  sink  in  certain  regions  while 
warmer  subsurface  water  rises  around  it  to  occupy  tho  vacated  regions.  That  Is,  vertical  convection 
takes  place  and  continues  as  long  as  conditions  exist  for  a  net  outward  flow  of  heat.  Under  calm  sea 
conditions,  convection  may  occur  in  the  form  of  a  field  of  celts  which,  at  tho  surface,  appear  to  a 
thermal  imaging  device  as  closed  irregular  polygons  having  widths  of  about  100  meters  and  which 
may  penetrate  comparable  distances  into  the  depths  of  the  water.  A  completely  submerged 
submarine  can  produce  local  flow  fields  and  turbulence  which  may  not  reach  tho  surface  directly  but 
which  can  interact  with  the  vertical  convection  currents  to  iriftuence  the  "appearance"  of  tho  surface 
pattorns.  M  the  ccean  surface  is  choppy  it  is  not  likely  that  a  well  organicod  array  of  conveollon  colls 
will  exist.  Thus,  it  appears  that  this  phenomenon  is  available  for  axptoitation  only  under  very  calm 
(sea  state  aero)  conditions. 

6.  to  (j/)  THERMAL  MICNOSTRUCTUBE  (U) 

()Zf)  Tho  Qcnan  surface  exhibits  a  thermal  microsti  udture  charactisritod  by  temperafvii « 
variations  ot  the  order  of  0  001  to  10  keivtns  irr  the  size  regime  of  the  order  of  1  to  10*  melors.  if  ilio 
turbulent  wake  of  a  submarine  intersects  the  surface  iSee  section  3.2,5.).  it  can  reorganizo  the 
therrnal  microstructuro  In  such  a  manner  that  the  "thermal  texture"  is  changed  in  the  wake  without  a 
not  change  In  average  surface  temperature-  This  phenomenon  is  limited  in  its  ASW  applications  to 
shallow  depth  submarine  operations. 

5.1 1  l9l  SURFACE  FILMS  (U) 

There  is  an  abundance  of  fatty  acids  and  esters  and  fatty  alcohols  in  the  ocean  wht>;h  con  be 
adsorbed  at  tho  surface.  Many  of  these  substances  are  made  up  of  tong  chain  molecules  Having  otio 
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end  which  is  solubie  in  water  (hydrophilic  or  water  loving)  and  another  end  which  is  insoluble  tn 
water  (hydrophobic  or  water  fearing).  Those  substances  can  accumulate  on  the  water  with  parts  of 
their  moteculos  beneath  the  surf  see  and  parts  above  to  form  a  monomolecular  titm.  These  moteculas 
form  a  tangled  network  which  immobiltates  a  thin  layer  of  surface  water.  This,  in  turn,  inhibits 
near-surface  convective  circulation  and  permits  the  affected  surface  to  cool  by  evaporation  by  about 
0.5  K.  in  addition,  this  film  can  damp  capillary  waves  and  form  a  slick,  it  conditions  are  proper  lor  a 
submarine  to  produce  surface  currents  (e.g..  from  turbulence,  vortices  or  rising  bubbles),  the  slick 
matorlaf  becomes  rearranged,  that  is.  compacted  in  certain  areas  and  removed  from  others.  The 
region  from  which  the  slick  Is  removed  will  tend  to  rise  in  temperature  above  that  of  the  adjacent 
water  surface  and  will  therefore  be  detectable  by  thermal  Imaging  ogulpmont. 
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6,0  (^!)  INTERACTIVE  SENSOR- AND  SUBMARINE-GENERATED  RELDS"  (U1 

(jc)  in  this  sectton  are  considered  tne  various  types  of  fields  that  could  be  produced  by  sensors 
whicn  could  interact  with  the  fields  produced  by  submarines  to  yield  detectable  effects.  See  figure 
6.t.  Fields  of  the  two  types  are  listed  in  the  following  two  columns. 


Sensor-Generated  fields 


Submarine-Generated  Fields 


Electromagnetic 

ELF 

RF 

Microwave 

Infrared 

Visible 

Ultraviolet 

X-ray 

Steady  electric  field 
Steady  magnetic  field 
Sound 

Surface  gravity  waves 
Internal  gravity  waves 
Field  of  magnetic  particlav 


Steady  magnetic 

Time-varying  magnetic 

Steady  electric 

Time-varying  electric 

Stray  50/60/400~Hz  electromagnetic 

Electromagnetic  radiation 

Gaseous  contaminants  (bubbles) 

Oissotved  contaminants 

Kelvin  wake 

Turbulent  wake 

Thermal  wake 

Acoustic 

Neutron 

Hydrodynamic  pressure 
Gravitational 


(UNCLASSIFIED) 

Figure  6.1  (U)  Interaction  Of  Sensor-  And  Submarine-Generated  Fields 
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The  for«going  represents  195  combinations  o1  possible  sensor-field/submarme-fieid  interactions.  It 
would  be  both  prolix  and  nugatory  to  consider  all  of  these  in  detail.  To  render  the  problem  tractable, 
the  only  sensor-generated  fields  that  wilt  be  discussed  here  are  the  electromagnetic.  Of  the 
subnianne-generated  fields,  the  gravitational,  hydrodynamic  pressure,  and  neutron  fields  will  be 
considered  no  further.  The  resulting  truncation  of  the  list  of  combinations  appears  justified  in  an 
investigation  whose  ultimate  goal  is  a  sensor  capable  of  yielding  a  targe  area  search  rate.  What  is 
envisaged  is  an  ai'craft/satellUe-borne  sensor  that  will  produce  a  beam  of  electromagnetic  radiation 
(of  presently  unspecified  characteristics)  that  will  probe  the  environment  in  the  vicinity  of  a 
completely  submerged  submarirre  and  interact  with  one  or  more  of  the  submarine-generated  fields 
listed  to  produce  delectable  effects. 

6.1  1^)  MAGNETIC  FIELD  (U) 

(U)  Steady  magnetic  fields  can  be  detected  and  measured  remotely  by  their  interactions  with 
electromagnetic  radiation  itself  or  with  sources  of  electromagnetic  radiation.  The  first  observation  of 
an  affect  of  a  magnetic  field  on  electromagnetic  radiation  was  made  by  Michael  Faraday  in  1846. 
Faraday  discovered  that  when  plane-polarized  light  passed  through  a  solid  or  tiguld  held  between 
the  poles  cl  an  electromagnet,  the  plane  of  polarization  was  rotated  through  an  angle  that  was 
proportional  to  the  component  of  the  magnetic  field  in  the  direction  ot  light  propagatiort.  In  1896, 
Pieter  Zeeman  established  that  the  wavelength  of  light  emitted  by  a  source  was  altered  when  the 
source  was  placed  in  a  magnetic  field,  in  broader  terms,  magneto-optical  effects  can  be  divided  Into 
two  Giassea:  (1)  those  In  which  the  source  of  electromagnetic  radiation  is  acted  upon  by  a  magnetic 
field,  which  effects  a  change  in  frequency  accompanied  by  polarization  (Zeeman  effect)  and  (2) 
those  in  which  the  speed  of  piopagation  ot  electrmnagnetlc  radiation  and  its  state  of  polarization  are 
modified  when  the  radiation  passes  through  a  maignetized  medium  (Faraday  effect). 

6.1.1  ijS)  Faraday  Effect  (U) 

6.1. 1.1  (U)  Variation  In  Speed  Of  Propagation  Of  Microwaves 

(U)  ITie  Faraday  affect  could  be  exploited  in  a  number  of  ways.  One  mattiod  that  has  bean 
proposed  utilizes  two  aircraft  traveling  at  low  altitude  along  parallel  paths  ab  jut  ten  miles  apart.  The 
first  aircraft  sends  out  two  microwave  beams,  one  having  a  frequency  of  30  GHz  and  the  other  60 
GHz.  which  is  derived  from  the  first  by  frequency  doubling.  The  60*GHz  frequency  is  selected  to 
correspond  to  the  edge  of  an  oxygen  molecular  absorption  lino  where  the  speed  of  propagation 
varies  as  a  function  of  frequency. 

(U)  The  magnetic  field  of  thm  earth  will  cause  a  splitting  of  the  absorption  tine  proportional  to 
the  magnitude  of  the  magnetic  held:  if  a  submarine  is  present,  its  magnetic  field  will  contribute  to 
this  line  splitting.  Tne  net  result  is  that  the  time  required  for  the  60-GHz  radiation  to  travel  between 
the  aircraft  is  a  function  of  the  magnetic  field  between  them  whereas  for  the  SO-QHz  radiation  it  is 
not.  If  the  30-GHz  radiation  is  frequency-doubled  in  the  second  aircraft,  variations  in  the  phase  of 
one  signal  relative  to  the  other  can  be  measured  and  related  to  the  value  of  the  magnetic  field 
integrated  along  the  line  joining  the  two  aircraft,  in  this  manner,  submarines  can  be  detected  (and 
localized  in  one  dimension)  by  two  aircraft,  providing  a  search  rate  of  about  2500  nmi^thr. 

(U)  It  appears  that  this  approach  would  be  bothered  by  a  number  of  problems.  One  problem  that 
can  be  anticipated  ic  that  the  submarine  signal  occure  over  only  a  small  portion  of  the  path  but  noise 
is  generated  over  the  entire  ten-mile  path  between  the  aircraft.  In  addition  to  the  usual  geomagnetic 
and  geological  notse.  there  will  be  noise  from  variations  in  the  spacing  of  the  aircraft  and  from 
random  variations  in  the  temperature,  pressure  and  water  vapor  concentration  in  the  intervening 
space.  A  detailed  Signal  and  noise  analysis  of  this  proposed  method  should  be  made. 
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6. 1.1.2  (0)  Rotation  Of  Plane  Of  Polarizatton  Of  Ughl  In  Water  (U1 

When  a  beam  of  linearly  potarizeo  light  passes  through  a  medium  In  Which  a  magnetic  field 
exists,  its  plane  of  polarization  is  rotated  through  an  angle  u  given  by 


«  »  V  8  H  C08  tf 


1  n  which  « is  the  angle  of  rotation  (in  minutes  of  arc),  s  is  the  path  length  (in  cm>  through  the  medium 
in  which  a  magnetic  field  H  (in  gauss}  exists,  e  Is  the  angle  between  the  direction  of  H  and  the  path  of 
the  light,  and  V  is  the  Verdet  constant  (in  min/gauss  cm),  The  value  of  the  Verdet  ’'constant" 
depends  upon  the  composition  of  the  medium  through  which  the  light  is  passing,  the  temperature  of 
the  medium  and  the  wavelength  of  the  light.  For  atmospheric  air  (T  =  20*C}  and  \  -  588.3  nm, 

V  ■-  3.83  X  10“*  min/gauss  cm;  for  sea  water  (T  =  20“C  and  salinity  »  3.5%}  and  K  =  595.6  nm. 

V  »  0.014  min/gausa- cm. 

A  proposed  apptoach  relying  on  the  Faraday  consists  of  measuring  the  rotation  of  the  plane 
of  polarization  of  a  light  beam  projected  from  an  aircraft  into  sea  water  and  back-scattered  to  a 
receiver  in  the  aircraft.  The  amount  of  rotation  will  be  proportional  to  the  component  of  magnetic 
field  Integrated  along  the  path  of  the  light.  If  the  beam  of  light  passes  near  a  submarine,  there  will  be 
an  incremental  change  in  the  rotation  of  the  plane  of  polarization  because  of  the  submarine's 
contribution  to  the  magnetic  field. 

[^)  This  approach  appears  to  suffer  a  number  of  weaknesses.  For  example,  light  becomes 
depolarized,  at  least  in  part,  in  passing  through  a  scattering  medium;  this  will  make  more  difficult  (if 
not  impossible)  the  task  of  observing  incremental  variations  of  the  order  of  one  minute  of  arc  in  the 
amount  of  rotation.  Another  problem  is  that  the  amount  of  rotation  will  be  proportional  to  the  length 
of  the  path  that  any  given  portion  of  the  light  travels  through  the  sea  water  as  it  is  scattered  back  to 
the  receiver.  Inhomogeneltles  in  the  magnetic  field,  particularly  in  close  proximity  to  the  submarine, 
will  produce  further  depolarization  of  the  beam.  This  approach  does  not  appear  to  offer  any 
significant  advantages  over  optical  radar  but  does  suffer  a  number  of  disadvantages. 

6.1. 1.3  (U)  Rotation  Of  Plane  Of  Polarization  Of  Light  In  Air 

(U>  Another  approach  utilizing  the  Faraday  effect  combines  features  of  the  preceding  two 
approaches.  That  is,  a  beam  of  plane  polarized  light  is  transmitted  between  two  Irjw-altitude  aircraft 
flying  along  parallel  paths,  and  changes  in  the  angle  of  rotation  are  obaerved.  If  the  spacing  between 
the  aircraft  is  tO  nmi.  tiie  amount  of  rotation  from  the  earth's  magnetic  field  will  be  of  the  order  of 
two  minutes  of  arc,  and  wilt  depend  upon  factors  such  as  magnetic  latitude  and  direction  of 
propagation  of  the  beam.  The  "signal’'  from  a  submarine's  magnetic  anomaly  would  amount  to  a 
change  in  the  angle  of  rotation  of  about  tO"*  minute  of  arc.  Stabitizatlomcompensation  of  two 
airborne  platforms  to  this  degree  of  precision  would  be  a  challenging  task. 

6.1.2  ijij)  Zeeman  And  Related  Effects  (U) 

(^)  A  number  ol  techniques  have  been  proposed  to  exploit  phenomena  related  to  the  Zeeman 
effect,  tn  this  case,  the  sought-for  phenomena  involve  the  remote  measurement  of  tho 
magnetlc-fiold-dependent  frequency  of  emission/absorptton  of  eiectromagnetlc  radiation  lrom.'by 
atoms  containing  unpaired  electrons  or  atomic  nuclei  having  nonzero  magnet  moments.  A  number 
of  approaches  have  been  proposed  to  accomplish  this. 
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6.1.2.1  Oveitiauser  Effect  (U) 

(J!^)  One  method  that  might  be  applied  to  stimulate  atomic  nuclei  In  the  vicinity  of  a  submari  ne  to 
emit  electromagnetic  radiation  at  a  frequency  that  ts  proportional  to  the  local  magnetic  field  is  based 
on  the  Ovorhausar  affect,  in  this  application  a  radiofroquency  field  ia  applied  to  the  tons  of  some 
paramagnetic  salt  dissolved  in  the  upper  layer  of  the  ocean  where  it  is  desired  to  map  the  earth's 
magnetic  field  as  a  means  of  locating  eubnarine-induccd  anon.alies  in  it.  The  frequency  of  the 
Incident  radiation  Is  selected  to  equal  that  of  electron  spin  rusonance  lor  the  pantcuiar 
paramagnetic  ions.  Some  of  the  energy  absorbed  by  the  tons  from  the  rf  field  is  transferred  by 
collisions  to  the  hydrogen  nuclei  in  the  water  molecules.  These  nuclei  then  emit  etectromagnetic 
energy  at  an  audio  frequency  which  is  directly  proportional  to  the  local  magnetic  Induction.  By 
scanning  the  rf  field  (in  the  spatial  domain)  one  can  Interrogate  a  large  area  in  the  vicinity  of  the 
aircraft  while.  In  principle,  detecting  the  Ovorhauser  resonance  on  a  suitable  lecaiver. 
Disadvantages  of  this  approach  are  the  weakness  of  the  audio  frequency  signal  emitted  and  tfie 
difficulties  in  scanning  the  rf  field  whose  frequency  would  be  in  the  range  o(  1  to  too  MHa  depending 
upon  whicti  paramagnetic  ion  is  utilized. 

6.1. 2.2  Two-Photon  Interactions  (U) 

6.1. 2.2.1  (J2^  Intersecting  Beams  (U) 

C^l  Another  approach  that  is  being  Investigated  involves  the  use  of  two  intersecting  beams  of 
laser  radiation  whose  region  of  overlap  can  be  made  to  scan  through  the  space  to  be  interrogated  by 
synchronous  steering  of  the  two  beams.  The  wavelengths  of  the  radiation  are  chosen  such  that  the 
combined  energy  of  the  photons  in  the  two  beams  corresponds  to  some  atomic  transition  allowed  in 
one  of  the  constituent  gases  in  the  earth's  atmosphere  near  the  sea  surface.  The  power  density  in  the 
beams  must  be  sufficiently  high  to  render  two-photon  transitions  probable.  When  the  affected  atoms 
return  to  lower  energy  tevets  they  emit  radiation  which  is  "colored”  by  the  magnetic  field  in  that 
small  region  of  space.  A  portion  of  this  radiation  is  intercepted  by  a  receiver  and  thi  wavelengths  of 
its  Zeeman  components  are  measured  as  a  means  oi  measuring  the  magnetic  ileid  at  the  romoto 
location  where  the  radiation  was  emitted.  Basically,  this  technique  would  permit  the  remote 
generation  of  light  that  is  "tagged”  by  the  magnetic  field  at  the  point  in  space  where  it  originates. 

6.1. 2.2.2  Common  Beam  Path  iU) 

Another  possible  scanning  approach  that  would  eliminate  most  of  the  problems  of  tracking 
one  laser  beam  with  another  Involves  projecting  pairs  of  picosecond  pulses  of  different  wavelength 
from  a  single  optical  system.  Because  the  Index  of  refraction  ot  air  Is  a  function  of  wavelength,  the 
second  pulse  of  each  pair  can  be  made  to  overtake  and  pass  thre  igh  the  first  pulse.  The  distance 
from  the  source  at  which  the  pulses  Interact  can  bo  controlled  by  adjusting  the  lime  interval  between 
the  pulses.  In  this  nranner  '‘magnettcally-tagged”  tight  can  be  generated  wherever  desired  in  a  two- 
or  three-dimensional  raster  and  subsequently  analysed  to  yield  an  image  of  the  submarine  s 
magnetic  anomaly. 

6.1. 2.2.3  (j6)  Antiparallel  Beam  Paths  (U) 

()Z!)  Another  method  proposed  lor  magneto-optic  scanning  involves  protecting  a  beam  of 
continuous  wave  laser  radiation  from  une  aircraft  to  another  flying  along  a  parallel  course  at  a 
distance  of  perhaps  10  nmi.  The  second  aircraft  transmits  laser  pulses  along  the  beam  beck  to  the 
first  aircraft.  Because  the  position  of  each  pulse  is  known  as  a  function  of  time, 
•magnetically-tagged"  radiation  resulting  from  iwo  iahoton  transitions  can  be  received  and 
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analyzed  to  determine  the  magnetic  field  atrength  at  alt  points  along  the  line  lolnlng  the  aircraft.  As 
the  aircraft  advance,  a  two-dimensional  image  of  the  intervening  magnetic  field  is  produced. 

6.1.3  ^  Oiscusaion  Of  Remote  Magnetic  Detection  (U) 

Ip)  All  of  the  foregoing  methods  for  detecting  magnetic  anomMies  remotely  are  highly 
speculative;  in  most  cases  the  princtpfe  has  not  yet  been  demonstrated  for  fields  as  weak  as  that  of 
the  earth,  let  alone  anomalies  in  that  field  several  orders  of  magnitude  weaker.  Once  the  principles 
are  demonstrated,  the  nontrivial  engineering  task  of  developing  a  flyable  scanning  system  would 
remain.  On  the  other  hand,  because  a  scanning  magnetometer  would  be  able  to  sense  the 
submarine's  magnetic  anomaly  aVnear  the  surface  of  the  wator  directly  over  the  submarine,  the 
single-look  sensitivity  requirement  could  be  eased  to  perhaps  10  gammas;  in  addition,  the 
acquisition  of  many  independent  looks  of  the  anomaly  would  permit  recognition  even  if  the 
slnglo-iook  slghal-to-nolse  ratio  were  less  than  unity. 

6.2  (^)  KELVIN  WAKE  (li) 

(U)  A  body  moving  horizontally  at  constant  velocity  In  deepwater  produces  a  highly  organized 
and  distinctive  train  of  waves  known  as  the  Kelvin  wake.  The  wave  pattern  produced  by  a  submarine 
Is  sirnHar  to  the  familiar  ship  wake  that  was  studied  by  Sir  Wiillam  Thomson  in  the  1880’s, 

(P)  The  Kaivtn  wake  consists  of  two  sets  of  waves:  the  transverse  wave  system  and  the  diverging 
wave  system,  which  are  contained  within  a  triangular-envetopo  of  vertex  angle  2  arc  sin  Va  =  38°S6'. 
See  figure  3.2.  The  wavelength  Xt  of  the  transverse  waves  is 


At  ~ 


2rr  V* 
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in  which  v  is  the  speed  of  the  boat  and  g  is  the  acceleration  of  gravity. 

According  to  one  formulation  (Eckart's  Ranktne-ovotd  approximation)  given  in  reference  (j) 
the  wave  amplitude  A  over  the  submarine 


in  which  0  is  the  diameter  and  h  is  the  depth.  According  to  Reed  (teference  (k)}. 


Aa  e 


In  both  cases,  a  rapid  decrease  in  ompiltude  wiiii  Increasing  submarine  depth  is  indicated. 

Along  the  center  line  of  the  Kelvin  wake  pattern,  the  wave  amplilutlus  vary  inversely  as  the  square 
rootoi  distance  astern;  along  the  cusp  lines,  where  the  transverse  and  diverging  wave  patterns 
intersect,  the  amplitudes  vary  inversely  as  the  cube  root  of  distance  astern.  Yim  (reference  (1)5  has 
developed  a  computational  capability  that  permits  taking  into  account  the  sail  structure  in  addition 
to  the  hull. 
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{^)  In  contrast  ’^itn  many  other  nonacoustic  phenomona  considered  for  submarine  detection, 
the  Kelvin  wake  Is  well  understood  quantitatively.  As  a  potential  means  tor  detecting  submarines,  the 
Kelvin  wake  possesses  a  number  of  desirable  attributes:  (t)  It  is  indifferent  to  water  stratification 
(whereas  certain  other  techniques  being  irtvestigalod  are  dependent  upon  stratificationi;  (2)  It 
provides  a  distinctive  geometric  pattern  covering,  perhaps,  many  hectares;  (3)  It  is  retatively  immune 
to  countermeasures  (Possible  countermeasures  would  be  smaller,  slower  and  deeper  submarines 
and/or  operation  at  variable  velocity  to  confuse  the  wake  pattern.):  (4)  The  Kelvin  wake  is  directly 
coupled  with  the  submarine,  and  the  link  from  the  surface  to  an  airborne  sensor  can  also  be  quite 
direct  (e.g.,  radar,  optlcal/photographlc.  Infrared.  HF) ;  and  (S)  It  provided  a  positive  surface 
indication  of  the  exact  present  position,  heading,  speed  and  approximate  depth  of  the  submerged 
submarine. 

(f^}  Previous  investigations  of  the  Kelvin  wake  for  submarine  detection  wore  oriented  largely 
toward  "explaining"  the  so-called  CUNKER  effect  rather  than  as  a  candidate  phenomenon  In  its  own 
right.  When  It  was  shown  that  the  characteristics  of  the  Kelvin  wake  did  not  match  those  reported  tor 
tho  CLINKER  effect,  interest  in  the  former  declined.  Previous  Investigations  were  largely 
technology-  rather  than  phencmenologv-oriantad.  Empirical  limits  to  detection  were  established 
appropriate  to  the  various  detection  techniques  without  any  assurance,  however,  that  the  particular 
sensing  and  data  processing  techniques  were  optimum.  Brief  descriptions  of  various  detection 
techniques  are  given  In  the  following  sections. 

6.2.1  (0)  Optlcat/Photogrephic  (U) 

(0)  The  specular  reflection  of  sunlight  has  been  used  for  detecting  very  small  changes  in  wave 
slope  (~  0.2°)  associated  with  Kelvin  wakes.  Limits  of  detectability  were  irrferred  for  calm  sea 
conditions  which  could  be  expressed  in  terms  of  the  following  rule  ot  thumb: 


Maximum  submarine  detection  depth  (ft)  lOx  submarine  speed  (kn). 


6.2.2  (9^)  Hlglv  Masolutlon  Radar  (U) 

(^)  A  fixed-sire,  nortscanning  radar  has  been  used  to  obsei  ve  the  ocean  surface  under  which  a 
submarine  had  passed.  The  radar  wavelength  was  sot  to  be  Bragg-resonant  with  the  capillary  waves 
(kfwttr  =■•  2  hding  on  the  Kelvin  waves. 

6.2.3  (/2f)  HF  Radar  (U) 

A  fixed-site  2-  to  20-MHz  radio  transmitter  was  used  to  illuminate  the  sea  surface  »t  the 
Bragg-resonant  frnquenoy  corresponding  to  the  Kelvin  waves  generated  by  a  submerIno 
(i.a..  Aw  “  2  The  Bragg-resonant  frequency 


varies  irrvarsoiy  as  the  square  of  the  submarirre's  speed,  which  tnay  not  be  known  a  priori.  In  addition 
tlrere  is  an  angular  dependence.  Despite  its  limitations,  this  method  offers  the  possibility  of 
providing  over-the-horizon  detection  of  favorably  oriented  wakes. 
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6.2.4  i^)  DopplarHadar  (U) 

itj6\  Thia  ta  aenaitfve  to  the  speed  o(  movemont  of  the  Kelvin  wave  patient  which,  in  tunt.  13  equal 
to  the  speed  of  the  submarine  generating  It. 

6.2.5  (JZf)  Passive  Infrared  Imaging  (U) 

For  large  angles  relative  to  the  normal,  the  emiasivity  of  the  sea  surface  is  strongly 
dependent  upon  the  angle  at  which  it  is  viewed.  Therefore,  devices  such  as  an  infrared  line  scanner 
and  a  FLIP  (forward  looking  Infrared)  are  able  to  detect  Kelvin  wakes  from  high-speed, 
shallow-depth  submarines. 

6.2.6  {^)  Browster  Angle  Imaging  (U) 

(^)  When  light  is  incident  at  an  angle  dv  on  a  smooth  dielectric  surface  of  reiative  index  of 
refraction  n,  the  reflected  light  Is  cornpietoly  plane  polarized  perpendicular  to  the  plane  of  Incidence 
it 

0„  arc  tan  n  (Brewster's  angle). 


For  water  at  20'’C  and  light  of  wavelength  569,3  nm,  n  «  1,33299  and  5^  »  53.123".  If  a  perfectly 
smooth  soa  surfaoo  were  illuminated  at  this  angle  and  the  reflected  light  passed  through  a  crossed 
polarizer,  no  light  would  bs  transmitted',  however.  If  the  slope  of  tho  surface  were  to  be  modified 
slightly  by  the  presence  of  Kelvin  waves,  the  reflected  light  would  be  partially  unpolarized  and  a 
portion  would  pass  through  the  crossed  polarizer.  By  monitoring  the  amount  of  light  transmitted, 
one  could  Infer  wave  slopes.  Altarnatlveiy,  because  the  index  of  refraction  of  water  is  a  function  of 
wavelength,  one  could  Illuminate  the  surface  aifnear  Srewatar  s  angle  with  light  of  several  different 
wavelongths  and  observe  color  changes  In  ihu  light  transmitted  through  the  crossed  polarizer  as  a 
function  of  wave  slope. 

6.2.7  (^  Discussion  Of  Kelvin  Wake  Detoetton  (U) 

t0)  From  tho  foregoing,  it  is  seen  that  Kelvin  wakes  possess  many  attributes  that  could 
contribute  toward  their  detection  and  recognition.  Yet,  it  seems  that  In  the  work  done  to  date, 
concentration  was  Mmitad  to  one  attrlbuto  at  a  time.  It  ia  suggested  that  If  alt  of  the  information 
available  from  observation  of  a  Kelvin  waite  were  to  be  accoptod,  processod  and  utilized  irr  a 
composito  sensor,  a  useful  dotecting  means  would  result, 

6.3  GASEOUS  CONTAMINANTS  (U) 

(^)  In  section  3.1.5,  the  production  of  gasoous  contaminants  by  a  submarine  was  considered. 
One  extreme  case  was  assumed  in  which  all  of  the  waste  hydrogen  gas  dissolved  in  the  water  and 
detection  was  achieved  by  in-situ  eloctrochemicai  sensors.  Now  we  will  consider  an  opposite 
extreme  case  in  which  ail  of  the  gas  is  assumed  to  rise  in  the  form  oI  bubbles  without  dissolving,  and 
detection  is  achieved  remotely  by  Illuminating  the  upper  ocean  layer  (perhaps  10-in  thick)  ,nnd 
receiving  the  light  back-scattered  from  tho  Held  of  bubbles.  (Actually,  as  a  bubble  rises,  hydrogen 
dissolves  In  the  water  and  is  partially  roplacod  by  nitrogen  and  oxygen,  which  come  out  ol  solution 
A  bubble  that  eventually  roadies  the  surface  may  bo  over  90%  nitrogen  and  oxygen.) 

ik)  Assume  tfiat  hydrogen  gas  ts  produced  by  a  10-kn  submarine  at  a  rate  of  2  l/s  tSTP)  and  that 
all  of  it  rises  to  the  aurfaco  in  the  form  of  bubbles  of  i-cm  oguivalent  spherical  diameter  which  are 
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spread  out  laterally  by  turbulence  over  one  submarine  diameter  of  8.4  m.  The  rate  at  which  bubbles 
roach  the  surface  will  be  3820  bubbles/second.  If  the  bubbles  are  distributed  uniformly  along  the 
length  and  width  of  the  submarine's  track,  there  will  be  88.3  bubbles  per  square  meter  and  tho  mean 

horizontal  component  of  area  occupied  per  bubble  will  bo  113  cm*. 

CC)  The  reflectivity  p  of  the  hydrogen-water  interface  can  be  calculated  from  Frei  t  s  formula. 
For  normal  incidence  and  Indices  of  refraction  n,  >»■  i.OOO  and  n, »  1.333. 


1.333"  t.OOOy 
1.333  +  1.000/ 


0.020. 


To  establish  an  upper  limit  for  signal  strength,  assume  Initially  that  each  bubble  can  be 
approximated  as  a  horizontal  disc  of  1-cm  diameter.  Then  the  fraction  of  the  ricntally  incident  light 
that  would  bo  reflected  from  a  beam  whose  cross-section  Is  largo  In  comparlsiKt  with  the  space 


between  bubbles  would  be 


88.3  bubbles/m*  x  w  x  (0,5  x  lO-*)»  m*/bubble  x  0.020  »  1.39  x  10'*, 


On  the  other  hand.  H  the  bubbles  behave  as  spheres,  the  Incident  light  will  be  reflected  and  refracted 
over  a  wide  distribution  of  angles  and  only  small  portions  of  the  area  of  the  bubble  (at  the  top  and  at 
the  bottom)  vrill  be  effective  In  reflecting  light  Into  a  receiver.  The  area  S  of  a  bubble  of  radius  R 
which  Is  capable  of  reflecting  parallel  rays  of  light  Into  a  receiver  of  aperture  diameter  D  at  a  distance 
r  from  tho  bubble  la 


0*  R*  D*  R* 
®  ”  (2r  --  R)*  ”  4r’ 


for  r  •>  R- 


For  r  «  100  m  •*  10*  cm.  R  -  0.5  cm.  and  D  ■»  30  cm. 


„  30*  X  0.5* 


5.6  X  10"’  cm*. 


That  is  only  a  tiny  glint  of  light  will  be  detected  from  the  top  of  the  bubble.  In  addition,  a  similar  glint 
will  bo  produced  from  the  bottom  of  tha  bubble.  Thus,  lor  a  representattva  case,  tho  fraction  of  the 
tight  from  a  beam  whose  cross-section  Is  large  in  comparison  with  tho  space  between  bubblos  will 

be 


88,3  bubbles/m’  y  2  x  5.6  x  10"’’  m*/bubblo  x  0.D20  -  2.0  x  10 


(j^)  The  foregoing  two  examples  represent  upper  and  lower  extremes  of  offectlve  reflectivity  of 
an  assumed  bubble  field.  (The  possibility  of  total  internal  rehoction  at  the  water-gas  interfaces  has 
been  considered;  it  appears  unlikely,  however,  that  this  would  bo  a  significant  factor  for  tlie  case  of 
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widely  spaced  spnsrtcai  bubbles  and  a  co-)ocatod  light  source  and  receiver.)  Art  irttermediaio 
situation  of  nonsphencai  bubbles  appoara  more  rooliatic.  In  practice,  bubbles  less  than  i  mm  in 
diameter  are  spherical.  Larger  bubbles  are  more  ellipsoidal  and  flattened,  assuming  the  shape  of 
"spherical  caps  '  resembling  the  top  third  of  a  sphere.  (See  reference  (m),)  Bubbles  having  an 
aqutvatent  spherical  diameter  of  about  t  cm  assume  a  iumpy,  raisirt  shape:  bubbles  of  this  type 
reflect  light  along  their  sharply  curved  ridge  lines  from  areas  significantly  larger  than  those  of 
perfect  spheres,  it  appears  that,  for  reasonably  clear  water,  a  sufficiently  large  return  should  be 
possible  to  permit  detection  of  shallow  bubble  fields  at  reasonably  high  search  rates. 
Countermeasures  that  could  be  applied  by  submarines  equipped  vrlth  electrolytic  oxygen  generators 
include  (1)  intermittent,  rather  than  continuous  use  of  the  generator  and  (2)  operation  at  depths 
great  enough  that  the  bubbles  dissolve  before  reaching  the  upper  surface  layer  of  the  ocean. 

6.4  TURBULENT  WAKE  (U) 

ifi)  In  section  3.2.S.  the  passive  detection  of  the  surface  expressior)  of  a  submarine's  turbulent 
wake  was  discussed,  it  was  pointed  out  that  the  technique  was  limited  to  submarine  depths  of  about 
20  m.  Now  we  will  consider  the  possibility  of  detecting  turbulent  wakes  existing  in  the  body  of  the 
water  by  remote  optical  means.  Two  cases  wilt  be  discussed:  (1)  the  redistribution  of  normally 
existing  populations  of  light  scatterers  in  the  water,  and  (2)  the  Oopplor  shlfting/broedening  of  laser 
radiation  backscattered  from  the  turbulent  wator  in  the  wake. 

6.4.1  (Jif)  Redistribution  Of  Light  Scatterers  (U) 

(^)  In  the  first  case  it  la  assumed  that  well  defined  layers  of  light  scatterers  exist  at  depths  that 
can  be  probed  with  a  loser  radar  (I.e.,  about  100  m  or  less)  and  that  the  submarine  is  traveling  at  a 
depth  within  about  20  m  of  one  of  these  layers.  The  action  of  the  submarine-generated  turbulence  is 
to  raise  a  trail  of  "dust"  analogous  to  that  produced  by  a  vehicle  moving  along  a  dusty  road.  Because 
the  turbulent  motion  of  the  water  may  persist  for  several  hours,  such  a  trail  may  be  detectable  for 
several  tens  of  miles.  This  approach  is  limited  to  iairly  shallow  submarine  depths. 

6.4.2  Turbulence-induced  Doppler  Effect  (U) 

($£)  In  the  sec*  nd  case.  It  la  assumed  that  spatially  and/or  temporally  coherent  laser  radiation 
can  be  projected  down  through  the  body  of  the  water  to  where  a  submarirre's  turbulent  wake  exists. 
Some  of  the  Incident  light  will  be  reflected  off  scattering  particles  in  the  turbulent  water  and/or  off 
moving  water  cells  of  different  temperature-related  indices  of  refraction,  Tim  reflected  light,  marked 
by  a  mixture  of  upward  anti  downward  shifts  In  froquoncy  depending  upon  the  velocities  of  the 
elementary  reflectors,  is  received  and  ntlxed  with  light  taleen  directly  from  the  laser,  and  beats.  In 
either  the  spatial  or  temporal  domain,  are  produced.  An  analysis  of  the  distribution  of  beat 
frequencies  yields  the  distribution  of  turbutent  velocities  in  the  submsrine  wake  which,  in  general, 
would  be  expected  to  be  different  from  that  of  the  undisturbed  water. 

(^  It  appears  that  this  method  will  be  limited  to  very  short  path  lengths  in  the  water  (i.e..  tens  of 
meters)  and  therefore  shallow  detection  depths  for  an  airborne  sensor  because  of  loss  of  coherence 
of  the  laser  beam  as  it  passes  through  the  irregular  air-water  interface  and  through  the  water  Itself. 

6.6  (JZf)  ACOUSTIC  FIELD  (U) 

(U)  In  section  3.2.10  it  was  pointed  out  that  a  moving  submarine  is  a  sound  source  whose 
acoustical  power  output  ranges  within  a  few  orders  of  magnitude  of  one  watt.  Equations  were  given 
to  permit  calculation  of  the  rms  displacement,  velocity  and  acceleration  of  the  water  particles  in  the 
acoustic  field  and  the  rms  acoustic  proscure  and  density  variations  in  the  medium.  At  a  range  of  1  km 
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Irom  a  1 .0-W  point  sourco  in  a  homogeneous,  isotropic,  lossless,  unbounded  medium,  the  sound 
intensity  is  80  nW/m’.  the  rms  acoustic  pressure  ts  0.35  Pa.  the  rms  velocity  is  230  nmis,  the  rms 
density  variation  is  160  /tigim’  (or  1  part  in  6.6  «  10*)  and  (tor  an  assumed  frequency  of  6  Hz)  the  rms 
displacement  is  6.0  nm  and  the  rms  acceleration  is  8.6  In  the  above,  a  sea  water  mean  density 
of  1030  kg/m^  and  a  sound  propagation  velocity  of  1500  mis  were  assumed. 

01  all  of  the  foregoing  intensive  variables  associated  with  a  submarine  s  acoustic  field,  only 
one,  the  acoustic  pressure,  lends  itself  readily  to  measurement.  For  this  reason,  meet  underwater 
acoustic  sensors  in  use  today  are  pressure  sensing  devices.  Tha  other  quantities  arvt  discouragingly 
smalt;  this  smallness  stems  from  the  large  bulk  modulus  of  elasticity  B  (i.o.,  low  compressibiilty)  and 
density  po  of  sea  water.  The  targe  product 


PoC  =  V6  po "  1.65  X  10*  kg/m’*a 


appears  in  the  numerator  of  the  expression  for  the  acoustic  pressure  but  in  the  denominators  of  the 
expressions  for  displacement,  velocity  and  acceleration  of  the  water  particles.  It  would  be  very 
desirable  to  develop  an  airborne  remote  sensor  that  could  sense  pressure  variations  In  the  water 
without  the  need  for  a  mechanical  device  to  bridge  the  interface.  One  possibility  is  to  exploit  the 
Oebyo-Sears  effect  in  which  the  alternate  regions  of  compression  and  rarefaction  produced  in  the 
water  by  the  acoustic  field  act  as  a  diffraction  grating  with  a  grating  interval  equal  to  the  wavelength 
of  the  acoustic  waves.  Because  the  grating  interval  would  be  vary  targe  in  comparison  with  the 
wavelength  of  light,  diffraction  offocta  would  be  extremely  difficult  to  measure. 

ip)  Other  methods  that  have  been  proposed  for  sensing  acoustic  fields  remotely  are  based 
upon  measurement  of  particle  displacement  and/or  particle  velocity.  Some  of  the  schemos  that  have 
been  proposed  are;  (1 )  use  of  a  microwave  or  optical  radar  to  sense  the  acoustic  displacement  of  the 
water  sudace  in  the  vicinity  of  a  submarine:  (2)  use  of  a  light  beam  to  measure  changes  in  slope  of  a 
water  surface  b^ng  displaced  periodically  by  an  acoustic  field;  (3)  use  of  coherent  laser  radiation  in 
a  Doppler  velocimeter  mode  to  sense  particle  motion  of  light  scaiterers  in  the  body  of  tire  water; 

(4)  use  of  a  beam  of  monochromatic  light  to  detect,  by  Bragg  diffraction  effects,  spatially  periodic 
variations  in  index  of  refraction  of  the  water  associated  with  the  acoustic  field;  and  (5)  use  ol  a 
magnetometer  or  a  magnotic  gradiometer  to  detect  magnetic  fields  produced  by  electric  currents 
Induced  from  the  acoustic  wave  oscillatory  movement  of  sea  water  (an  electrical  conductor)  In  the 
earth's  magnetic  field. 

6.5.1  {^)  Microwave/Opticat  Radar  (U) 

The  first  of  these  cases  may  be  considered  from  two  equivalent  points  of  view;  I.e..  (1)  the  path 
between  the  sensor  and  tha  sea  surface  may  be  considered  as  one  leg  of  an  interferometer  which 
measures  changes  In  the  path  length  associated  with  displacement  of  the  sea  surface  by  producing 
moving  interference  fringes,  or  (2)  as  a  Doppler  radsi  whicli  measures  the  vertical  component  of 
velocity  of  the  water  surface,  tri  the  example  considered  eariier.  the  rms  displacement  of  the  water  is 
only  6.0  nm  (about  30  molecular  diameters)  which  corresponds  to  about  1/100  of  a  wavelength  of 
visible  light  or  1150  of  an  interference  fringe.  To  sense  such  small  displacatnenls  interferometrically 
would  be  a  challenging  task  even  under  tlie  best  of  laboratory  conditions.  (For  comparison,  the 
standard  meter  is  defined  to  only  the  nearest  1/100  of  a  wavelength  of  light.)  To  attempt  measuring 
such  small  displacements  of  a  dynamic  sets  surface  from  a  moving  platform  such  as  an  airplane 
would  bo  folly. 

(^)  One  could,  in  principle,  employ  a  microwave  or  optical  Doppler  radar  to  sense  the 
sinusoidally  varying  velocity  of  the  water  surface.  The  radar  return  would  be  frequency  moduiatea 
with  sidebands  spaced  at  intervals  equal  to  the  trequencyiies)  of  tha  underwater  sound  source.  For  a 
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j^F  =  2  Vf  WE  ^  2^^x23Qx  10-»x30x  10» 

c  3  X  10*  “  ®  ®  ’'  *’‘*- 


If.  as  before,  an  acoustic  frequency  f  »  6  H*  is  of  intewst.  the  modulation  index 


„  AF  6.5  X  10-* 

(i  »  ™  ,  - - -  ..  ^  ,,Q,.,_ 


» »< »» »■» .«» «mm„.  ,h,  .wi.o  fo.  <n. 


same  set 


:22^yfHaF- iVS'v,, 
c  X 


2V2  X  230  X  10-« 
550  X  10-  “ 


and  the  modulation  Index  would  be 


dF  1.2  „„ 

^*T‘T"0-2- 


Under  the  best  of  conditions,  devices  to  achieve  the  foregoing  would  require  a  fantastic  soectral 
aircraft  over  a  dynamic  ocean  surface  appears  Impossible.  ^ 


8.5.2  Optical  Laver  (U) 


approach  that  has  been  proposed  for  detecting  an  acoustic  field  In  the  ocean  ts  to 
fhA  reflected  off  the  surface  as  an  optical  level  to  detect  small  changes  in  the  slope  of 

points  on  the  surface  from  which  the  distance  to  the  submLino  is  large  hi 
comparison  with  the  submarine  s  doptli,  the  wavelength  of  the  surface  disturbance  will  be  equal 
approxlniately  to  the  wavelength  of  the  sound  waves  In  water  For  waves  of  assumed  frequewy  6  Hz 
and  rms  displacement  6.0  nm.  the  maximum  change  in  slope  tan  ti  of  the  water  surface  will  bo^ 

tan  fl  «  g£-lvf.!lMjl.10:!.m^6s  -  ^ 

1500  m/s  «=  2.)  X  10  « 


That  is.  0  change  in  angle  of  only  210  prad  is  expected.  If  a  very  narrow  figm  beam  were  oroiected 
straight  down  to  the  ocean  surface  from  an  aircraft  at  an  altitude  of  10.000  m  and  the  posdion  S  the 
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reflection  received  at  the  aircraft  were  monitored,  the  displacement  Ax  that  would  be  observed 
would  be 

Ax  =>  2  X  10.000  m  X  2.1  X  10  '“  =  4,2  x  10'*  m  -  4.2  lAm. 

A  beam  of  visible  light  of  wavelength  550  nm  that  forms  a  spot  of  diameter  only  4,2  ixm  after 

over  a  path  of  20.000  m  would  have  a  divergence  angle  of  210  prad;  to  produce  such  a  narrow  beam. 

diffraction  effects  would  require  a  source  aperture  diameter  d  of 

d- - SIOTTOF'’ 

This  concept  appears  unfeasible  for  airborne  application  without  even  considering  stebilteation 
requirements  and  the  normal  background  surface  slope  variations  associated  wdh  wind  driven 
waves  and  swell. 

6.6  (f!^)  TlME-VARYtNQ  EUECTRICyMAGNETIC  WELDS  (U) 

(gJi  In  sections  3.2.1 ,  3.2.2  and  3.2.3,  several  means  by  which  a  submarine  can  produce 
time-varying  electric  and  magnetic  fields  were  discussed.  These  Included  modulation  of  the  galvanic 
corrosion  currents  at  frequencies  corresponding  to  the  propellor 

thereof  and  stray  fields  at  the  submarine's  electric  power  frequencies  of  SO.  60  andtor  400  Hz.  It  sea 
water  bearing  such  time-varying  fields  could  be  Irradiated  with  elootromagnotio  radiation  of 
sufficiently  high  power  density  that  the  medium  behaves  nonlinearly.  mixing  of  the 
submarlno-goneratod  and  oxtornaily  applied  fields  would  occur,  and  sum 
would  be  produced,  if  some  of  the  radiation  is  scattered  out  of  the  sea  it  could  be  detected  and 
demodulated  to  yield  the  submarine-generated  signals.  A  highly  monochromatic,  high-power 

scannlno  laser  might  be  used  as  the  radiation  source.  „  .  , 

Nonlinear  effects  can  also  take  place  in  the  atmosphere.  The  Luxemburg  effect  is  a  type  of 
atmospheric  cross-modulation  that  could  perhaps  enable  one  to  detect  ELF  radiation  from  a 
submarine  by  use  of  a  radio  receiver  tunod  to  the  frequency  of  a  powerful  tratmmlller. 
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MEMORANDUM  FOR  THE  RECORD 

FROM:  Division  Director  EO  &  Special  Mission  Sensors,  Avionics,  Sensors  and  E* 

Warfare  Dept  (AIR  4.5.6 

TO:  Office  of  Counsel,  Naval  Air  Warfare  Center,  Aircraft  Division  (NAWCAD) 

Subj:  SECURITY  RECOMMEND AION  FOR  FOIA  REQUEST,  DON  FOIA  CASE 

FIFE  NUMBER  2025-004095 

Ref:  (a)  SECNAVINST  5720.42F,  DON  FOIA  Program,  06  Jan  99 


1 .  Recommendation .  AIR  4.5.6  recommends  approval  of  release  of  the  information  found  in 
the  following  report:  NADC-80228-30.  Information  found  in  this  report  was  reviewed 
and  found  to  be  unclassified  and  releasable. 

2.  Basis  of  Recommendation.  All  information  was  reviewed  with  current  class  guides  and 
found  to  be  unclassified  and  open  source. 

3.  Point  of  Contact.  The  point  of  contact  for  this  security  review  and  recommendation  is  Mr. 
Paul  W.  Reimel,  AIR  4.5.6  Division  Director,  paul.reimel@navv.mil,  301-342-0100. 

8/26/2016 


Paul  W.  Reimel 


Paul  W.  Reimel 


Signed  by:  REIMEL.PAUL.W.  1229241016 
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